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THE TIME-INTENSITY FACTOR IN DRY SEED IRRADIATION* 


A. T. NATARAJAN} and M. M. MARIC+t 


Biology Department, Brookhaven National Laboratory, Upton, New York 


Abstract—Using dry barley seeds and heterozygous maize seeds, it has been demonstrated 


that there is a time-intensity effect on biological response to electromagnetic radiations, such 


as X and gamma rays. Lower intensity was found to be more effective than high intensity. This 


response is in contradiction to results from other organisms studied previously, viz., viruses, 


bacteria, Drosophila, Tradescantia, Antirrhinum, etc., where the response was either dose rate 


independent or the higher intensity was more effective than lower intensity. This time-intensity 


factor does not operate in “wet” seeds (10 per cent and greater moisture content) to any 


appreciable degree. ‘The time-intensity factor in dry seeds has been shown to be an expression of 


storage eflect accumulated during the period of irradiation and thus dependent on the moisture 


content and the dose rate. Hence, the factors responsible for storage effect seem to be responsible 


for this time-intensity effect. It is suggested that in critical radiation studies with dry seeds, in 


addition to factors such as moisture content, storage time and method of hydration, considera- 


tion should also be given to both the exposure time and the intensity of the radiation. 


Résumé— Utilisant des semences séches d’orge et des semence hétérozygues de Mais, il a été 


démontré qu'il existe un effet d’intensité-temps sur des réactions biologiques aux radiations 


electromagnétiques telles que les rayons X et gamma. On a découvert que les faibles intensités 


sont plus effectives que les fortes intensités. Cette réaction est en contradiction avec les résultats 


venant d’autres organismes étudiés précédemment, virus, bactéries, Drosophila, Tradescantia, 


Anlirrhinun, etc... ., ou la réaction était 4 chaque dose a la forte intensité plus effective qu’a 


faible intensité. Ce facteur d’intensité-temps ne s’avére pas efficace a un degré appréciable avec 


des semences humides (10 pour cent et plus de contenance de moisissures). Le facteur d’intensité- 


temps dans des semencesséches a été montré comme é¢tant une expression d’un effet de stockage 


accumulé durant la période (irradiation et ce dépendant du contenu en moisissures et le la 


durée de la dose. Pour le moment, le facteur responsable de leffet de stockage semble étre 


aussi responsable de cet effet d’intensité-temps. I] est suggéré qu’en cas d’études de radiations 


critiques avec des semences séches, en tenant compte des facteurs tels que contenu en moisissures, 


temps de stockage et méthode d’humidification, il faut également prendre en considération 


les durées d’exposition et Pintensité de la radiation. 


Zusammenfassung ——\ermittels trockner Gerstensamen und heterozygotischer Maissamen 


wurde gezeigt, dass es einen Zeit/Intensitatseffekt auf die biologische Reaktion auf elektromag- 


netische Strahlungen, wie z.B. R6ntgen- und Gammastrahlen, gibt. Eine niedrige Dosisleis- 


tung erwies sich als wirksamer als eine hohe Dosisleistung. Diese Reaktion widerspricht den 


Resultaten, die friiher beim Studium anderer Organismen, namlich Viren, Bakterien, Droso- 


phila, Tradescanlia, Antirrhinum, usw., erhalten wurden, wo die Reaktion entweder unabhiangig 


von der Dosisleistung, oder die h6here Dosisleistung wirksamer als die niedrigere Dosisleistung 


Ss 


war. Dieser Zeit/Intensitatsfaktor wirkt sich bei ‘‘nassen’’ Samen (10 Prozent Feuchtigkeits- 


gehalt oder mehr) nicht merklich aus. Bei trockenen Samen hat sich der Zeit/Intensitatsfaktor 


als Ausdruck eines wahrend der Bestrahlungsperiode kumulierenden Speicherungseffekts 


erwiesen, und deshalb abhangig vom Feuchtigkeitsgehalt und der Dosisleistung. Demnach sind 


*Research carried out at Brookhaven National Laboratory under the auspices of the U.S. Atomic 
Energy Commission. 

¢Present address: Botany Division, Indian Agricultural Research Institute, New Delhi 12, India. 
tPresent address: Genetics Department, University of Beograd, Beograd, Yugoslavia. 
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die fur den Speicherungseffekt verantwortlichen Faktoren scheinbar auch fiir diesen Zeit/ 
Intensitatseflekt verantwortlich. Es wird vorgeschlagen, dass man bei kritischen Strahlungs- 


untersuchungen an trockenen Samen neben Faktoren wie dem Feuchtigkeitsgehalt, der 
Speicherungszeit und der Art der Hydratisierung auch der Exponierungszeit und der Strah- 


lungsintensitat Rechnung tragen sollte. 


INTRODUCTION 
IN MANY radiobiological reactions, the effect of a 
given dose depends on the intensity of radiation 
or the manner in which the total dose is fraction- 
ated; this phenomenon is known as the time- 
intensity factor. Generally two types of con- 
clusions were reached in the previous experi- 
ments involving the time-intensity factor. The 
first one, that the effect of a given dose is 
independent of both the intensity of radiation 
and of the total time during which it is delivered, 
is supported by several radiation experiments on 
virus, bacteria, and Drosophila. ™ 2-22. 38.3) "The 
second conclusion, that the effect of a given dose 
is greater when delivered at a high intensity than 
at a lower intensity, is supported by the results 
of radiation experiments in Antirrhinum, Arbacia, 
Bacillus megaterium and Tradescantia.® 
Che biological effects of ionizing radiations on 
dry seeds have been studied in great detail.“ 101) 
18) However, there remains a paucity of available 
information concerning the comparative effects 
of chronic and acute irradiation when adminis- 
tered to dry seeds, and it is with this problem 
that the present study deals. Unlike other 
material used in such studies, dry seeds have a 
very low metabolic activity, which may mini- 
mize one of the more important variables in the 
earlier experiments. Furthermore, in other 
experiments X and gamma radiations have 
been used for acute and chronic treatments, 
respectively, whereas in the present experiments 
care was taken to use a radiation with the same 
60 


ion density, 1.e., gamma rays from Co*®® sources 


in all the treatments. 


MATERIALS AND METHODS 
Iwo types of seeds were used in these experi- 
ments: (a) a pure line of diploid hull-less barley 
Himalaya C.1. 620), and (b) maize seeds, 


heterozygous at the yg locus on the short arm of 


the chromosome 9 and of the following genotype 
ye C sh bz wxiwd C sh Bz wx, as described by 


Stein and STEFFENSEN.®?) The seeds were 


equilibrated at different moisture contents 
before irradiation treatment,” following 
which they were hydrated in distilled water 
under anoxic (He) conditions at 2°C. This 
method was adopted to eliminate the post- 
irradiation storage effect or oxygen effect.”” 
The seeds were germinated in petri plates on 


wet filter paper at a constant temperature of 


24°C and with continuous illumination. When 
the seeds were stored after irradiation, they were 
sealed in small (polyethylene) bags, maintaining 
the same relative humidity at which the seeds 
had been equilibrated prior to irradiation. Each 
treatment was replicated three times with each 
replicate consisting of a minimum of 30 seeds. 
A swimming pool type of gamma source (Co* 
was used for high intensity treatments, where the 
dose rates could be varied from 1000r to 
948,000 r/hr. When a very low dose rate was 
to be used (1500 r/20 hr day) a small Co 
gamma source located in a greenhouse was used. 
To reduce heterogeneous irradiation, the seeds 
were sealed in polyethylene bags prior to irradia- 
tion in a single layer with the embryo always 
facing the same side. 

Reduction in 6 or 7 day old seedling height 
was used as a criterion for assessing immediate 
radiation damage. Seedling height for treat- 
ments was expressed as percentage of control. 
In the first experiment, both dry and wet weight 
of the seedlings were determined. Root length 
was measured only for maize seedlings on the 
seventh day after sowing and before transplant- 
ing to pots. For cytological studies of the first 
mitosis of the root meristems, the method 
described by Wotrr and was 
adopted. The frequency of seedling chlorophyll 
mutations in the X, generation was scored by 
germinating seeds from individual spikes of X, 
barley plants in sand beds, and the mutants 
were classified by the method described by 
Gusrarsson.“ The mutation frequency was 
expressed as the percentage of X, plants segre- 
gating for mutants. Sectoring frequency in X, 
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Table 1. Comparison of seedling height, survival, seedling weight, chromosome aberrations and chlorophyll mutations 
in barley seedlings after chronic and acute gamma irradiation of seeds 


Seedling 
Survival height °,, « 
‘Treatment* control 


Control 93°3 100-0 


6000 r LM 
Acute 90-0 
Chronic 93-3 


6000 r HM 
Av 95-6 88-0 
Chronic 88-9 


15000 r LM 
Acute 94-4 
Chronic 90-0 


15000 r HM 
Acute 91-2 
Chronic 90-0 


5000 r LM 
1/2 acute 
1/2 chronic 
2 chronic 
/2 acute 


1500 r HM 
1/2 acute 
1/2 chronic 94-5 


1/2 chronic 
1/2 acute 97-8 


Seedling weight 
°. of control 


Chlorophy!] 


Chromosome 


aberrations mutations 
wet dry per cell 


100-0 100-0 0-0 


93-2 87-4 0-036 + 0-012 
83-6 81°! 0-094 + 0-018 


95-1 92: 0-042 0-011 
95-6 90-5 0-057 +0-021 


83-1] 84-7 0-055 0-019 
66:7 0-151 + 0-042 


86:5 87- 0-058 0-009 
86-0 81- 0-057 +. 0-013 


+ 0-097 


0-052 


108-9 108-8 0-045 ~ 0-012 


107-9 103-9 0-121 0-009 


*LM: Low moisture (6.23 per cent water); HM: High moisture (13.70 per cent water). 


generation leaves of the heterozygous maize 
plants was used to estimate the genetic damage 
induced by radiation by STEIN and STEFFENSEN®?? 
and by Latrerety.”* The same material and 
technique were used in the present study. 


RESULTS 
In the first experiment seeds of low (6-2 per 
cent) and high (13-7 per cent) moisture con- 
tents (referred to as dry and wet seeds 
respectively in this paper) were subjected to 
acute (710,000 r/hr) and chronic (1500 r/20 hr 
day) radiation, with two different doses, i.e., 


6000 and 15,000 r. There were two types of 


treatment in the 6000 r lot and four types of 
treatment in the 15,000 r lot. The different 
types of treatment and the observed biological 
responses are summarized in Table |. 

The wet seeds were, in general, less damaged 
than dry seeds. Between different treatments, 
wet and dry seeds responded differently. In the 
wet seeds, there was no significant difference in 
damage for a given dose, irrespective of the rate 
of irradiation. The difference in mutation 
frequency between acute and chronic radiation 
of wet seeds at 6000 r is an apparent exception. 
In dry seeds, however, chronically irradiated 
seeds were damaged more than acutely irradi- 


: 
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: 
0-0 
77-3 +3-2 22-6 
5-4 12-0 
22 2-5 
58-8 1-2 41-3 
6] 
81-9 —5-3 
97-8 15-5 66-1 79-7 0-35] 
93-3 59-3 79-0 67-5 0-133. 10-7 
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Table 2. Comparison of germination percentage, seedling height, root length and incidence of yg sectors in maize after 


acute and chronic irradiation of seeds 


Seedling 
Germination height °, 
Treatment 


Control 97-0 100 


15000 r LM 


Acute 9] -7 61-7 
Chronic 76:7 26-2 
15000 HM 

\cute 93°3 107-4 
Chron 95-0 86-4 
000 r LAI 

\cute 92-3 
Chron 88-4 19-5 
S0000 HA 

Acute 93-4 73-0 
Chron 95-0 58-1 


of control 


Root 
leneth ° 
of control 


Average number of yg 
sectors per plant 


100 0-0 
55-8 15-7 
25-8 24-8 

116-9 5-9 
81-8 12-4 
52-9 17-2 
15-9 no survival 
76-0 9-7 
18-8 15-9 


*LM: Low moisture content (4.3 per cent of water); HM: High moisture content 


ated seeds. Among combination treatments of 
dry seeds, acute followed by chronic irradiation 
was, with one exception, more effective than 
chronic followed by acute irradiation. From the 
cytological data, it is evident that where there 
is a substantial reduction in seedling height, 
there has been a high frequency of chromosome 
aberrations. For example, acute followed by 
chronic treatment of dry seeds, which had the 
highest number of aberrations per cell, had the 


greatest reduction in seedling height. Chronic 


irradiation of dry seeds as well as chronic 


followed by acute irradiation were next in 
order in both responses. 

Individual ear progenies were grown and the 
chlorophyll seedling mutations (albina, viridis, 
vantha) and the frequency of segregating X, 
families scored. The three treatments which 
yielded the highest frequency of X, families 
segregating for chlorophyll mutations were also 
maximal with respect to seedling height reduc- 
tion and chromosomal! aberration frequency. 

A similar experiment was conducted with 
maize seeds. The types and duration of treat- 
ments and their biological response are tabulated 
in Table 2. As in the case of barley, the chronic 
effective than acute 


irradiation was more 


12.6 per cent of water). 

irradiation in all the cases where dry seeds were 

involved. Seedlings from chronically treated 
10,000 r) low 


affected, with a reduction of about 80 per cent 


moisture seeds were most 
in height and 84 per cent in root length. Due to 
a stimulatory effect of 15,000 r of acute irradia- 
tion in wet seeds, there was an enhanced difler- 
ence between wet and dry seeds. The yellow 
sectors, which result as a consequence of the 


deletion of the yg locus situated in the terminal 


end of chromosome 9, were scored in leaves 4 
to 9 of all the seedlings. The number of sectors 
was pooled and expressed as average number 
of sectors per plant 
sectors was found to be greater in chronically 
irradiated maize seeds than the acutely irradi- 
ated ones, as was the result with barley both for 
mutation rate and chromosome aberration 


frequency. An attempt was made to correlate 


seedling height reduction with frequency of 


sectors in different treatments and these were 
l. 


The differential response of dry seeds to 


found positively correlated as shown in Fig. 
acute and chronic irradiation may be due to (a 
the enhanced effect of chronic irradiation itself, 
b) the storage effect developed during the time 
of irradiation or (c) the interaction of both 


Table 2). The frequency of 
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storage. ‘These data confirm the earlier observa- 
tions of Curtis ef al.“ that the storage effect is 
predominantly present only in dry seeds, and is 


negligible in wet seeds. 


STORAGE AFTER ACUTE AND CHRONIC 
IRRADIATION 


Dry barley seeds were treated with 10,000 r 
of gamma rays both chronically (1000 r/hr 
for 10 hr) and acutely (630,000 r/hr for 57 
sec). The seeds were germinated immediately 
after treatment as well as after different dura- 
tions of storage, namely 1, 2, 4, 7, 14, 21 and 32 
days after treatment. The results are presented 
| I | | | graphically in Fig. 3. It is evident that the curves 
+20 fe) -20 -40 -60 -80 -I00 are different for the two types of irradiation. 
PERCENT OF REDUCTION Ws SEEDLING HEIONT Though there is a significant difference between 


F | the seedling height of the two treatments, when 


the seeds were sown immediately after treat- 


ment, the difference slowly diminishes with 


these factors. In order to elucidate this problem. . 
increase in the time of storage, and after 7—32 


a series of storage experiments was conducted, 
; : ; : days, there is no significant difference between 
in which dry and wet seeds were irradiated 
for diff the treatments. The initial difference can be 
acutely and stored for different lengths of time . . . 
© explained on the basis that during the actual 
before hydration. A typical response curve 1s 


; x f irradiation period of 10 hr the chronically 
presented in Fig. 2. Whereas there is hardly 


irradiated seeds could accumulate a certain 


any storage effect in wet seeds, there is a sub- : , . 
Be 5 ; amount of storage effect and this could be 


stantial increase in damage in dry seeds with expressed in seedling heights of the eg Tre 
sowing. These data indicate that .a_ dose, 
irrespective of the intensity at which it is 
delivered, is capable of inducing only a certain 
maximum amount of damage which is the sum 
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of the primary radiation damage as well as the 
secondary effects, like oxygen eflect and storage 
effect. The total biological effect is expressed to 
a different degree depending on the interval 
between the time of irradiation and the time of 
liydration, 

In view of the differential response noted for 
acute and chronic irradiation in the experiments 
described above, the following experiments were 
made to see whether there exists any differential 
response if the seeds are irradiated at relatively 
high, but different, dose rates. One set of treat- 
ments was done with gamma rays and another 
with X-rays, the latter treatment serving as a 
control for accurate dosimetry. The dose rates 
used and the seedling height response of the 
treatments are tabulated in Tables 3 and 4. In 


Table 3. Relationship between barley seedling height and 
Total dose: 10,000 r to 


dose rate (Co®® gamma rays). 
dry seeds. Moisture content was 3-5°%, water 


Seedling height Percentage of 


Dose rate cm control 
Control 9-56 100-0 
200,000 r/hi t-67 48-7 
345.000 r/hr 5-85 61-2 
$10,000 r/hi 6-49 67-8 
945,000 r/hr 7:70 80-5 


Table +. Relationship between barley seedling height and 
dose rate (X-rays)*. (Total dose: 10,000 r to dry seeds. 
Moisture content was +.8° water 


Seedling height Percentage of 


Dose rate cm control 
Control 9-8 100-0 
15,000 r/hr 6-9 70-4 
60,000 r/hr 7-6 77°5 
120,000 r/hr 8-8 89-8 


* Operated 250 kvp. 30ma, with Imm. Ael. filter 


both experiments, the lowest intensity had the 
greatest reduction in seedling height and the 
highest intensity had the least reduction. 


DISCUSSION 
Most previous studies with time-inteusity 
factor have been carried out in organisms 


FACTOR IN DRY SEED IRRADIATION 


which were metabolizing during the time of 
irradiation. The results showed either (a) that 
there was no intensity effect or (b) that a higher 
intensity was more effective than a lower one, 
since the latter treatment gives the organism a 
chance to repair the damage to some extent 
during irradiation. However, this phenomenon 
may vary with the organism and the type of 
irradiation, as pointed out by Lea.@) For 
example, Rajewsky et al.@*) found that the 
LD 50 for mice increased rapidly with in- 
creasing dose rate and reached a maximum at 
12 r min. Russevy et al.°” assumed that with 
lower dose rates of chronic irradiation of mouse 
spermatagonia, there would be less killing and 
interference with normal mitotic cycles of these 
cells, hence the factors which suppress the 
mutation rate in acute radiation treatment may 
be eliminated or reduced in importance. The 
results they obtained were contradictory to their 
expectations, whereby, 516 r of gamma rays 
delivered at 90 r/week had less mutants than 
600 r of X-rays. The same trend was true in 
Drosophila.’ In the case of somatic mutations 
for petal colour in Antirrhinum majus, the fre- 
quency of mutant sectors was greater for an 


acute dose of X-rays than for the same dose of 


gamma rays delivered chronically in about 
18 hr.” Other studies on survival of bacteria,@” 
inactivation of virus,” or chromosome inter- 
changes in Tradescantia microspores™ indicate 
either an independence of intensity or greater 
effectiveness of higher intensity. 

It is evident from the present study that 
irradiation of seeds with high moisture content 
is independent of the time-intensity factor, while 
at low moisture levels, low intensity is more 
effective than high intensity. This effect of 
time-intensity can be attributed to a great 
extent to the storage effect, the enhanced effect 
which dry seeds are known to accumulate during 


post-irradiation storage."%!© In the case of 


chronic irradiation, the storage effect accumu- 
lates during the time of irradiation itself. Thus, 
longer time and lower intensity become more 
effective at the same total dosage than shorter 
time and higher intensity. This interpretation 
gains support from the fact that (a) this effect 
is not apparent in wet seeds, where storage 
effect is also not visible to any great extent and (b) 
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the total effect of a dose after a storage period of 
32 days was the same for both acute and chronic 
irradiation (Fig. 3). This result suggests that a 
certain dose can produce a fixed amount of 
maximal biological damage, which is the sum of 
primary effects and the after effects. However, 
the effect is expressed differently depending on 
the time lapse between irradiation and hydra- 
tion of seeds. 

Several possible explanations for storage effect 
have been proposed by Curtis et al.“ Of these, 
the theory postulating an indirect effect of 
radiation through the action of free radicals has 
gained support from many sources. Chemically 
produced free radicals,°® electrolytically pro- 
duced free radicals of certain amino acids,‘ 
irradiated culture medium and _ irradiated 
thymine solution’ have been shown to be 
biologically active, indicating the potentiality 
of the indirect effects of radiation. The free 
radical hypothesis has gained support from the 
studies of Zimmer ef al.,°® EHRENBERG and 
EHRENBERG") and ConGEeR and RANDOLPH. ®) 
The latter authors have found a_ similarity 
between the storage effect curve” and the free 
radical decay curve. They have suggested that 
the storage effect is possibly due to the decay of 
long-lived free radicals which combine with 
biologically important molecules in dry seeds, 
since there are no other molecules, like water 
molecules, with which to compete. In wet seeds 
on the other hand, these radicals react with 
water molecules and hence are not biologically 
very active. A similar view has been expressed 
by EHRENBERG and EHRENBERG.“ More 
concrete evidence on the possible biological 
effects on dry seeds due to free radicals has been 
obtained by SpARRMAN ef al.) They were able 
to eliminate most of the indirect effects by 
irradiating seeds in the presence of a radical 
scavenger (nitric oxide), and could demon- 
strate that the dose required to give a 50 per 
cent growth reduction in seedlings was the same 
for seeds of moisture contents 4—12 per cent under 
such conditions. 

From the data of these investigations, it 
seems likely that the higher susceptibility of 
dry seeds to electromagnetic radiations is due 
mainly to the fact that during the period of 
irradiation, however short it may be, there is a 


small amount of storage effect added to the 
primary effects of the radiation dose itself. In 
wet seeds this effect is not added and hence the 
total effect is less. It seems probable that water 
itself does not offer any protection against the 
primary effects of radiation, but it protects only 
against the indirect effects. If the storage effect 
is due mainly to the decay of free radicals, then 
water affords protection by enhancing harmless 
radical reactions. 

An attempt has been made in the present 
study to correlate seedling height reduction 
with cytological and genetical data obtained. 
Seedling height reduction has been employed 
as a routine procedure to measure radiation 
damage.“ !) Since this reduction is assumed to 
be a cumulative effect of both physiological and 
cytological effects, the question has arisen as to 
how closely related the reduction in seedling 
height may be to a genetic phenomenon like 
induction of mutation.?’ has 
shown that in barley there is a good correlation 
between seedling height, chromosome ex- 
changes, and mutation frequency. Our data also 
indicate that there is a positive correlation 
between immediate morphological observations 
like dry weight, wet weight, and seedling height. 
Wherever a large reduction in seedling height 
occurred, there was also a higher incidence of 
chromosomal aberrations as well as mutations 
in the subsequent generation (Table 1). The 
maize data are of particular value in this regard 
since they afford a study of seedling height 
reduction immediately after irradiation as well 
as cytological or mutational events which were 
expressed as sectors in the X, generation; further- 
more, these results show that there is a positive 
correlation between seedling height reduction 
and sector frequency (Fig. | 

The present study shows that attention should 
be given to dose rates in experiments dealing 
with dry seeds, especially when treating with 
X and gamma rays. Dose rate is important in 
fundamental studies, as for example in studies 
of RBE in dry seeds, since variation in dose 
rate can vary this factor and alter its significance 
as a basic characteristic of a biological material. 
In routine experiments, it will be profitable 
to use seeds equilibrated with high moisture 
content (10 per cent and above) to avoid com- 
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plications and assure greater reproducibility, 
since at these moisture contents, certain modi- 


{ving factors do not operate. 
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SOME FACTORS AFFECTING THE RESPONSES OF PLANTS TO 
ACUTE AND CHRONIC RADIATION EXPOSURES*+} 


A. H. SPARROW, R. L. CUANY,+ J. P. MIKSCHE and L. A. SCHAIRER 


Brookhaven National Laboratory, Upton, New York 


Abstract—The radiobiological responses of a large number of species of higher plants 
have been studied after acute or chronic irradiation of growing plants mostly with y radiation 
from Co*. Some acute treatments were made with X-rays. The radiation responses studied 
were of four main types: chromosome breakage, somatic mutation, growth inhibition and 
lethality. 

Somatic mutations in petals of several species of plants heterozygous for flower colour show 
responses most readily explicable on the basis that they result from deletion of the dominant 
locus, i.e., in most respects they behave as chromosome breakage events and not as point 
mutations. The yield of somatic mutations is reduced by dose fractionation of acute exposures 
or, within limits, by reduced dose rates with chronic exposures. The frequency per r of somatic 
mutations and of chromosome deletions produced under chronic irradiation is higher during 
periods of slow growth than during periods of fast growth. 

Definite evidence of long-term cumulative dosage effects was described for Pinus and Taxus. 
Over a long period (several years) at dose rates as low as 5 r/day, cumulative effects are 
expressed as severe morphological deformity, severe growth inhibition, or even death. A 
correlation was shown between the acute and daily chronic doses necessary to produce severe 
growth inhibition in young plants of several different species. To produce equivalent effects 
the acute dose required averages about thirteen times the daily chronic dose. 

In diploid species a clear relationship was shown between the average nuclear volume of 
apical meristem cells and tolerance to chronic gamma radiation. The larger the nuclear 
volume the greater the sensitivity of the nucleus and ultimately of the whole plant. The 
frequency of somatic mutation per r and nuclear size were shown to be directly related. Pre- 
liminary data also indicate a similar relationship between nuclear volume and frequency of 
chromosome aberration and for three species between average amount of DNA per nucleus 
and radiosensitivity (the more DNA the greater the sensitivity). 

Two polyploid series (Chrysanthemum and Sedum) showed increasing resistance as the degree 
of polyploidy increased. Preliminary data suggest that increasing chromosome number without 
known polyploidy and without a changing nuclear volume has a protective effect. A theoretical 
model was presented describing a possible explanation for the protective effect. The protection 
offered by doubling the chromosome number without polyploidy may be greater than that 
afforded by polyploidy at a doubling level. 

Some theoretical aspects relating to the interrelationship of certain major factors determining 
radiosensitivity are presented. Analysis of the relationship between sensitivity of different 
species and nuclear volume indicates that a constant (or nearly constant) number of ionizations 
per nucleus is required to produce growth inhibition or death. This relationship supports the 
concept that a cluster effect such as chromosome breakage (deletion) may be the critical event 
or events. Differential sensitivity results in part from the different doses required to produce 
a unit number of breaks in nuclei of different average volumes. The protective effect associated 


*Research carried out at Brookhaven National Laboratory, Upton, N.Y., under the auspices of the 
U.S. Atomic Energy Commission. 

t+Text of paper presented at Symposium on the Effects of Ionizing Radiation on Seeds and Its 
Significance for Crop Improvement held at Karlsruhe, Germany, August 7-12, 1960. Sponsored by Inter- 
national Atomic Energy Agency and Food and Agricultural Organization. 

Present address: Interamerican Institute of Agricultural Science, Turrialba, Costa Rica. 
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with increasing chromosome number or polyploidy is assumed to result from the reduced 
seriousness of an average break or deletion as the chromosome number increases. Clarification 
of the manner in which radiosensitivity is determined in different species should make pre- 
dictions of radiosensitivities possible in the very near future. This should hold for animal 
species as well as for plants. Extrapolation of certain kinds of radiobiological data from one 


species to another can now be made on a reasonably sound basis. 


Résumé — La réaction radiobiologique d’un grand nombre d’espéces de plantes supérieures 
a été étudiée aprés des irradiations, soit aigues, soit chroniques sur des plantes en poussée, 
généralement par des radiations de Co®. Certains traitements aigus ont été faits a l’aide de 
rayons X. Les réactions aux radiations que l’on a étudiées ont été classées en quatre types 
principaux: brisures de chromosomes, mutations somatiques, inhibition a la poussée et destruc- 
tion. 

La mutation somatique aux pétales des différentes éspéces de plantes hétérozygues pour 
fleurs colorées, montrent des réactions généralement explicables dans l’immédiat, si l’on se base 
sur le fait que le résultat est la disparition de la particularité dominante, c’est a dire que dans 
la plupart des cas, ces mutations se comportent comme des réactions de brisure de chromosomes 
et non pas en mutations par points. La création de mutations somatiques est réduite par frac- 
tionnement des doses d’exposition aigues, ou bien encore, dans certaines limites, en réduisant 
les durées des doses d’exposition chronique. La fréquence par r des mutations somatiques et 
des destructions de chromosomes produites par des irradiations chroniques est plus grande 
durant des périodes de poussée lente que durant les périodes de poussée rapide. 

L’évidence définitive des résultats de dodages cumulatifs 4 longs termes ont été décrits pour 
les Pinus et les Taxus. Sur une longue période (plusieurs années) avec des doses réduites, a 5 
r/jour, les effets cumulatifs s’expriment par de sévéres diformités morphologiques, de fortes 
inhibitions a la poussée et parfois la mort. Une corrélation a été établie entre les doses aigues 
journaliéres chroniques nécéssaires a la réalisation d’une forte inhibition a la poussée pour de 
jeunes plantes de bien des différents spécimens. Pour produire des effets equivalents il est 
nécéssaire d‘irradier en moyenne par doses aigues d’environ treize fois la dose chronique 
journaliére. 

Pour des spécimens diploides une relation évidente et claire a été observée entre les volumes 
nucléaires moyens des cellules de tissus de formation de la téte et la tolérance aux radiations 
gamma chroniques. Plus le volume nucléaire est grand, plus grande est la sensibilité des 
nucléons et finalement de la plante entiére. La fréquence des mutations somatiques par r et les 
dimensions nucléaires ont été démontrées de facon a étre directement enregistrées. Les obser- 
vations préliminaires indiquent de méme une relation similaire entre le volume nucléaire et le 
fréquence des aberrations des chromosomes, et pour trois spécimens entre le décompte moyen 
de DNA par nucléon et la sensibilité radio active (plus il y a de DNA, plus la sensibilité est 
grande). 

Deux séries polyploides (Chrysanthenum et Sedum) ont montré une resistance grandissante 
avec l’augmentation du degré polyploide. Des observations préliminaires ont montré que 
l’accroissement du nombre des chromosomes sans que |’on connaisse le degré de polyploidie, 
et sans changement du volume nucléaire, a un effet de protection. Un modéle théorique a été 
présenté, donnant une explication plausible de cet effet protecteur. La protection offerte en 
doublent le nombre des chromosomes, sans polyploidie, peut étre plus importante que celle 
permise par la polyploidie élevée a un niveau double. 

Certains aspects théoriques relatifs aux interrelations entre certains facteurs majeurs déter- 
minant la radiosensibilité sont présentés. Des analyses de rélations entre la sensibilité des 
différentes espéces et leur volume nucléaire indiquent qu’un nombre constant (ou a peu prés 
constant) d’ionisations par nucléon est nécéssaire pour produire une inhibition a la poussée ou 
produire la mort de la plante. Cette relation confirme la théorie qu’un effet tel que la brisure 
des chromosomes (extermination) semble étre la ou les phases critiques. Des sensibilités dif- 
férentes résultent en partie des différentes doses nécéssaires 4 produire un nombre unitaire de 
brisures dans le nucléon, de volume moyen différent. On présume que l’effet de protection 
associé a la multiplication du nombre de chromosomes de la polyploidie résulte de importance 
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réduite des brisures movennes ou de extermination au cas ou le nombre de chromosomes aug- 


mente. Des éclaircissements sur la maniére par laquelle la radiosensibilité peut étre déterminée 


pour différentes espéces pourraient compter comme prédiction des radiosensibilités possibles 


dans un futur trés proche. Cela serait valable aussi bien pour les animaux que pour les plantes. 


Des extrapolations sur certains genres de renseignements radiobiologiques d’une espéce a 
| 


autre peuvent ¢tre maintenant réalisées, sur une base raisonnable et solide. 


Zusammenfassung Die radiobiologischen Reaktionen einer grossen Anzahl von Gat- 
tungen hdéherer Pflanzen wurden nach akuter oder chronischer Bestrahlung der wachsenden 
Pflanzen—meistens mit aus Cobalt*® stammender Gammastrahlunge—untersucht. Einige de: 
akuten Behandlungen wurden mit Réntgenstrahlen durchgefiihrt. Die untersuchten Strah- 
lungsreaktionen zerfielen in vier Hauptarten: Chromosomenbruch, somatische Mutation, 
Wachstumshemmung und ‘Tédlichkeit. 

Die somatischen Mutationen der Blumenbliatter bei mehreren Pflanzengattungen, welche 
in der Bliitenfarbe heterozygotisch sind, zeigen Reaktionen, die am leichtesten dadurch 
erklarlich sind, dass sie sich aus der Ausmerzung des dominanten Genorts ergeben, d.h sie 
verhalten sich in fast jeder Hinsicht wie Chromosomenbruch-Ereignisse und nicht wie Punkt- 
mutationen. Die sich ergebende Menge somatischer Mutationen verringert sich durch Be- 
strahlung in mehreren kleinen Dosen bei akuten Bestrahlungen, oder, innerhalb von Grenzen, 
durch verringerte Dosisleistung mit chronischer Exponierung. Die Haufigkeit pro r der durch 
chronische Bestrahlung hervorgerufenen somatischen Mutationen und Chromosomen- 
\usmerzung ist grésser wahrend der Zeiten langsamen Wachstums als wahrend der Zeiten 
schnellen Wachstums. 

Gesicherte Beweise fir die zeitliche Gesamtdosisauswirkung aug lange Sicht wurden fin 
Pinus und Taxus angefiihrt. Die kumulierenden Auswirkungen fanden tuber einen langen 
Zeitraum (mehrere Jahre) bei Dosisleistungen von nicht mehr als 5 r/Tag Ausdruck in der 
Form schwerer morphologischer Missbildung, schwerer Wachstumshemmung, oder sogar im 
lod. Es wurde eine Korrelation festgestellt zwischen den akuten und chronischen taglichen 
Dosen, welche benétigt wurden, um bei jungen Pflanzen mehrerer verschiedener Gattungen 
schwere Wachstumshemmungen zu erzeugen. Um gleiche Wirkungen hervorzurufen, be- 
notigte die akute Dosis Durchschnittsmengen in etwa dreizehnfacher Héhe der chronischen 
Dosis. 

Bei diploiden Gattungen wurde ein deutlicher Zusammenhang zwischen dem durchschnitt- 
lichen Kernvolumen apikaler Meristemzellen und der Toleranz gegeniiber chronischer Gamma- 
strahlung aufgezeigt. Je grésser das Kernvolumen desto grésser ist die Empfindlichkeit des 
Kerns und schliesslich der ganzen Pflanze. Eswurde bewiesen, dass ein unmittelbarer Zusam- 
menhang zwischen der Haufigkeit der somatischen Mutation pro r und der Kerngrésse 
besteht. Vorlaiufige Unterlagen weisen auch auf eine ahnliche Beziehung zwischen dem Kern- 
volumen und cer Haufigkeit der Chromosomenabweichung, und bei drei Arten auf eine solche 
Beziehung zwischen der durchschnittlichen Menge von DNA pro Kern und Strahlungs- 
empfindlichkeit (je grésser die Mengen an DNA, desto grésser die Empftindlichkeit) hin. 

3e1 zwei polyploiden Reihen (Chrysanthemum und Sedum) stief der Widerstand mit dem Grad 
der Polyploidie. Vorlaufige Unterlagen scheinen darauf hinzuweisen, dass eine zunehmende 
Chromosomenzahl ohne erkannte Polyploidie und ohne ein sich verandern des Kernvolumen 
einen Schutzeffekt ausiibt. Ein theoretisches Modell wurde gegeben, das eine mégliche 
Erklarung dieses Schutzeffektes beschreibt. Der sich aus der Verdopplung der Chromo- 
somenzahl ohne Polyploidie ergebende Schutzeffekt ist vielleicht grésser als der durch Poly- 
ploidie auf einer Verdopplungsebene gewahrte. 

Es werden einige theoretische Gesichtspunkte beziiglich der Verknupfung von gewissen die 
Strahlungsempfindlichkeit bestimmenden Hauptfaktoren vorgebracht. Eine Analyse des 
Zusammenhanges zwischen der Empfindlichkeit verschiedener Arten und des Kernvolumens 
weist darauf hin, dass eine konstante (oder fast konstante) Zahl von Ionisierungen pro Kern 
notig ist, um Wachstumshemmung oder den Tod herbeizufiithren. Dieser Zusammenhang 
unterstiitzt die Auffassung, dass ein Haufungseffekt, wie z.B. Chromosomenbruch (Ausmer- 
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zung), das kritische Ereignis oder die kritischen Ereignisse darstellen kann. Die differenzierte 


Empfindlichkeit ergibt sich zum Teil aus den verschiedenen Dosen, die nétig sind, um eine 


Einheitszahl von Briichen in Kernen verschiedenen durchschnittlichen Volumens zu erzeugen. 
Man nimmt an, dass der Schutzeffekt, der mit der zunehmenden Chromosomenzahl bei 
Polyploidie in Zusammenhang gebracht wird, sich aus der verringerten Schwere eines 
durchschnittlichen Bruchs oder einer Ausmerzung bei steigender Chromosomenzahl ergibt. 
Eine Klarung der Art und Weise, in welcher sich die Strahlungsempfindlichkeit bei ver- 
schiedenen Arten bestimmt, miisste die Voraussage der Strahlungsempfindlichkeiten in Balde 


méglich machen. Dies misste fiir Tierarten wir fur Pflanzen gelten. Extrapolierungen gewisser 
Arten von radiobiologischen Unterlagen von einer Gattung auf die andere kénnen jetzt auf einer 


1. INTRODUCTION 
‘THe most efficient use of ionizing radiation in 
the production of new plant forms requires a 
thorough understanding of plant radiobiology. 
It seems to us not only appropriate but urgent 
that a certain amount of effort should be 
devoted to elucidating fundamental problems 
concerned with the genetic and cytogenetic 
effects of ionizing radiations and their possible 
significance with respect to practical applications. 

Originally the gamma radiation field at 
Brookhaven was established as a radiobiologica! 


tool and not primarily for the production of 


useful mutations.“?) In common with many 
other laboratories, we have spent some effort 
in the latter direction, but our primary interest 
has been in exploring the various biological and 
physical variables which influence radiation 
responses of seeds and plants. ‘The various factors 
which influence radiosensitivity can interact in 
various ways and the unravelling of these 
interactions is often dillicult and complex. 
Summaries of the relevant factors have been 
viven by SPARROW®”), NILAN@®, KonzaAk?) and 
GUNCKEL and Sparrow'?”’. In the present paper 
the influences on certain radiobiological re- 
sponses of a small number of these variables will 
be considered. The detailed studies of certain 
biological responses (e.g., lethality, growth 
inhibition, somatic mutations, and chromosome 
aberration) together with their interrelationships 
and their modifying factors have led to some 
new concepts of the role of cytogenetic damage 
in radiobiological responses. In particular, the 
roles of nuclear volume and chromosome 
number in determining radiosensitivity are 


considered in some detail. 


einige massen sicheren Grundlage vorgenommen werden. 


2. MATERIALS AND METHODS 
The number of different species, varieties or 
stocks used in our experiments is too large to 
list here. They will be specified where pertinent 
in the present paper and described more 
adequately in subsequent publications. 

Most of our irradiations were done with a 
G.E. Maxitron X-ray machine at 160 or 260 kVp 
and 20 or 30 mA (1 mm AI filter) or with 
Co® gamma radiation. The gamma _ sources 
used (up to 3800c) and methods of exposure 
have been described elsewhere.“ 4) In_ brief, 
chronic exposures were generally 20 hr/day 
and for periods of 8 to 16 weeks. A few perennial 
plants or trees were exposed for about 8 months 


year for 2 to 7 years. 


3. CHROMOSOME BREAKAGE INDUCED DURING 
CHRONIC EXPOSURES 

It is well known that when an actively 
dividing tissue is given an acute treatment with 
ionizing radiation the frequency of induced 
aberrations rises to a peak sometime during and 
not later than the average time required for 
one complete nuclear cycle following irradia- 
tion. The frequency then declines fairly rapidly 
back to or very near to the original spontaneous 
level.) A somewhat different response 1s 
observed with chronic irradiation. If the dose 
rate delivered is not growth-inhibiting (see 
p. 21), the frequency of aberrations climbs 
much the same as for an acute dose, but a steady 
state is reached and the peak flattens out to a 
plateau. If growth conditions remain favourable, 
the plateau will be maintained as long as the 
treatment lasts and after cessation of irradiation 
the level gradually falls back to the control or 
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spontaneous rate.'?® 3%. 4) Accordingly, the fre- 
quency of fragmentation is not determined by 
total accumulated dose but, after a minimum 
time, is related to the daily dose or dose rate. 
The reason is that, except for the relatively 
rare breakage-fusion-bridge type of aberration, 
the frequency of detectable fragments and/or 
dicentrics present at any moment is almost 
wholly determined by the dose absorbed by the 
cell nucleus during the immediately prior cell 
cycle or, at most, the last two nuclear cycles 
prior to fixation. Radiation absorbed three or 
more nuclear cycles prior to fixation will con- 
tribute only to the cytologically less obvious 
types of stable rearrangement such as trans- 
location, inversion, etc. Further, under chronic 
exposures, the frequency with which 2-hit types 
of aberrations arise is generally much lower than 
that of the simple acentrics and/or isochromatid 
dicentrics, both of which can result from single 
hits or breaks. 


4. SOMATIC MUTATIONS INDUCED BY ACUTE 
AND CHRONIC EXPOSURES 

a. Acute exposures 

A study of the X-ray induction of somatic 
mutations in the petals of Antirrhinum majus 
snapdragon) heterozygous for flower colour 
was undertaken to clarify certain § essential 
details related to radiobiological response. (For 
details of procedure see CuaAny, SPARROW and 
Ponp.©)) One experiment was designed to 
determine the time during petal enlargement at 
which mutations of various sizes were induced 
and thereby to ascertain the average length of 
the nuclear cycle in young flower petals. For 
this experiment, a group of snapdragon plants 
clone S-21) bearing young flower buds was 
X-rayed with 1000 r. Under average growing 
conditions the flowers opening up to about 15 
days after irradiation resembled the controls 
with respect to number of mutations (1.e., they 
had the usual low spontaneous rate of about 
| spot, or an average of about 40 mutant cells, 
per 3 cm? of petal). At 16-18 days after 
irradiation plants grown at 15:5°C showed 
very small spots on the petals. Flowers emerging 


at a later time had spots of a larger size but 
fewer of them. It is apparent that the large spots 
are derived from cells which mutated at an 
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carly stage of petal development when relatively 
few cells were present in each young petal or 
petal primordium. The interrelationships of 
time after irradiation, spot size and spot number 
described above are shown graphically in Fig. |. 
The kinetics of cell population growth is such 
that the number of spots per unit area of 
mature petal goes down proportionately as the 
average spot size increases. This relationship 
would imply that the mutant cells divide at 
approximately the same rate as non-mutant 
cells. From this study, calculations were made 
which showed that in Antirrhinum petals there 
is, on the average, approximately one cell 
division every two days at 15-5°C. We also 
found that at about 26-5°C the average division 
time was about one day. The consequenes of 
this slowing down of the mitotic rate at the 
lower temperature in relation to chronic irradia- 
tion experiments will be discussed in Section 6. 
From such studies using acute X-irradiation it 
is possible to derive an actual mutation rate 
per cell per roentgen (See Section 7c). The 
procedure is to count the number of mutant 
cells per unit area (3 cm? or 2 « 10° cells) which 
can then be converted to the number of mutant 
cells induced per 10° cells present at the time of 
irradiation.) 

After a preliminary test, the X-ray experi- 
ments were expanded by treating plants with 
various acute doses (250 r/min) in order to 
determine the relationship between mutation 
rate and increasing dose. The results of one 
such experiment, using stock 571, are shown in 
Table | and Fig. 2. Analysis of the data shows 
that there is a non-linear relationship between 
the total number of mutant cells (or of spots 
and the total X-ray dose; the number of mutants 
produced in this experiment increases with the 
1-7 power (approximately) of the dose. On the 
basis of the target theory, such a curve is 
assumed to represent a combination of 1|-hit 
and 2-hit events. The latter are almost certainly 
2-hit deletions and the former could be either 
l-hit deletions or point mutations. Results of 
other experiments suggest that they are |-hit 
deletions. 


b. Fractionation of acute exposures 
Dose fractionation was used to clarify more 
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fully the cytogenetic response of Antirrhinum 
petal cells to various acute doses of radiation. 
If the somatic mutations were produced by 1|-hit 
events exclusively, it should not make any 
difference whether the total dose be fractionated 
or given as a single dose. To test this, a total 
dose of 1000 r was fractionated into 2, 4, and 
8 doses of 500, 250, and 125 r respectively. 
Intervals of 30, 70, 210, and 1200 minutes were 
used as shown in Table 2. In all 
number of mutations was reduced by fractiona- 


cases the 


tion when compared with the results from a 
single dose of 1000 r. The data are not adequate 
to plot a general trend with regard to the effect 
of number of exposures and length of the rest 


NUMBER OF DAYS BETWEEN IRRADIATION AND FLOWERING 


Fic. 1, Changing number and size of mutant spots after 1000 r of X-rays in Antirrhinum 
S-21 


30 35 40 


petals. 


periods. However, the effect of fractionation is 
statistically significant in some cases, at least. 
Thus, there is an effect indicating that the 
frequency of somatic mutations fluctuates in a 
manner known to represent the dose fractiona- 
tion effect on the restitution of broken ends of 
chromosomes.@” Such an effect would not be 
expected if the mutant spots observed were 
derived exclusively from point mutations. 


c. Chronic exposures 
Plants of Antirrhinum majus, clone S-21, were 


irradiated at various dose rates in the gamma 
field and scored at different periods during the 
growing season of 1956. The methods used are 
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“fect of acute doses of X-rays (250 r/min) on somatic mutation rate in Antirrhinum mayjus (Stock 571 


lotal 


dose 


Control 
250 
500 
1000 
1500 


First 


895 


2795 


98] 


21365 
31705 


Net number of mutant cells (per 10*) at different dates 


scoring 


lotal 


100 
115 
0 165 
1720 
970 


Lotz 


il 


25 
370 
LOO 
670 
L000 
2520 


Second scoring 


“White” 


tO 15 
600 195 
1500 
3625 370 

10580 615 
13620 +1720 


Table 2. Number of mutant cells per 10% cells induced by 1000 r of X-rays (250 r/min) in ractionated doses 


Length of 
rest period 


No. of 


exposures 


lotal 


dose r 


Observed no. of 
mutant cells 


Expec ted no. of 
mutant cells* 


Expected no. with 
min no rest periodt 
j 1000 19620 +653 
210 1000 19620 + 653 

1200 L000 19620 

70 L000 1180 

0 L000 7160 


17405 +520 213565 
12820 80 21365 
17215 600 21365 
13605 + 825 21365 
14330 +755 21365 


1720 
1720 
1720 
1720 
1720 


230 


282 


hese values represent the number ¢ 
1. First Scoring 


lable | 


i mutant cells observed after acute exposures of 500 r, 250 r, or 125 r 
multiplied by the number of exposures, 2, 4, 
First Sc 


See 
lal 


rhe or &. 
tData from oring) after a single acute dose of 1000 r. 
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Clone S-2 l 
irradiation, 1956 


\ntirrhinum majus after various periods under chronic gamma 


July 


5 davs exposure 


September September 


102 days exposure 10 days exposure 


Nc of 


flowe rs 


Mutant spots 


No. of 


flowers 


Mutant spots Mutant spots 


per flowe1 per flower per flowe1 

Control 3 60 -7?2? 

Field B 

Control 60 

Field H 

| 60 

60 
60 
60 

10-05 20 

15-35 . 20 

17-70 3 20 

21-10 . 20 


*No. of mutant spots per flower (3 cm?, 200,000 cells S.E. mean. 
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c.10 CELLS, SCORED 9-5-57 
SPOTS c.80 CELLS, SCORFD 9-9-57 


SINGLE ACUTE X-RAY DOSE (r) 


Fic. 2. Somatic mutation rate in Antirrhinum majus (Stock 571) after single acute X-ray 


dose. 


described elsewhere.“ 3" As would be expected 
on the basis of the acute irradiation studies, 
flowers emerging up to about 15-17 days after 
the plants were placed in the field showed no 
increase above the spontaneous mutation rate 
the exact time depends upon average tempera- 
ture). The frequency of mutant spots then 
increased for a period of several days after 
which it tended to level off in a steady-state 
condition similar to that mentioned above for 
the induction of chromosome aberrations by 
chronic irradiation. As long as the radiation 
exposure continued, the rate remained essen- 


tially constant except for fluctuations attribut- 


able to environmental factors. At an appro- 
priate interval after the plants were removed 
from the gamma field to a control area, the 
rate gradually declined to a level close to or 


B 


equal to the control rate. A typical set of data 
is shown for two dose rates in Fig. 3. Similai 
results have been found in Tradescantia and 
several other plants.“°? 

A study of the relationship between mutation 

and dose rate was made by exposing snapdragon 
plants to dose rates from | up to 250 r day 
Table 3, Fig. 4). The data from this experi- 
ment clearly show a linear relationship between 
daily dose rate and number of spots per flower. 
Such a relationship would be expected from 
any type of |-hit event. For comment on this 
linear response, see Section 10 (p. 28). 

Flowers from a group of plants which had 
been chronically irradiated were scored after 
35 days exposure (in July) and again after 102 
days exposure (in September). Another group 
was placed in the field in August and was also 
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~~ EXPOSURE TIME (DAYS) ———-rRECOVERY TIME (DAYS) 


;. 3. Somatic mutation rate in Antirrhinum majus (Clone S-21) during and after exposure 
to chronic gamma radiation, 1956. 


(INSET 10 * SCALE) 


PER FLOWER 


MUTANT SPOTS 


JULY 35 DAYS EXPOSURE 
SEPT. 102 DAYS EXPOSURE 
SEPT. 40 DAYS EXPOSURE 


4 
100 150 200 250 
DOSE RATE (r/20 HOUR DAY ) 


Fic. 4. Somatic mutation rate in Antirrhinum majus (Clone S-21) after various periods 
under chronic gamma irradiation, 1956. (See text for further details. ) 
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scored in September (40 days exposure). Thus 
these two groups differed by a factor of 2-5 in 
the total dose received, but otherwise the two 
groups grew under similar environmental 
conditions and were scored on the same date. 
It can be seen in Fig. 4 and Table 3 that 
flowers from both groups have approximately 
the same number of spots at any given dose 
rate. It is thus clear that the number of observed 
mutations is not proportional to total accumu- 
lated dose, but that a steady state is reached 
after a certain number of days and that at any 
given dose rate any further change in rate is 
controlled largely by fluctuations in environ- 
ment. ‘This been shown 
cytologically for breakage in 
Tradescantia.“” The data suggest that the mutant 
spots we observed are derived from chromo- 


pattern also has 
chromosome 


somal aberration. 

Additional data on somatic mutation rate in 
flowers were obtained by the chronic irradiation 
of Lilium testaceum, which is also heterozygous 
for flower colour genes. Because previous tests 
had shown other species of lilies to be highly 
sensitive, only low dose rates (0-170-8 r/day 
were used. The scoring of sepals and petals was 
done separately and gave slightly different values 


as shown in Fig. 5. Two points of interest 
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Fic. 5. Somatic mutation rate in sepals and petals 
of chronically irradiated Lilium testaceum. 
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emerge from the study. The first is the high 
sensitivity of this species—there was a statistically 
significant increase in somatic mutation at 
0-170 r/day. The second point is that the shape 
of the curve was non-linear. The mutation rate 
increased as the 1-22 power of the dose rate 
even though the dose rates were all relatively 
low compared to the much higher dose rates 
used on Antirrhinum. This suggests that 2-hit 
events 
with a significantly higher frequency than in the 
chronically irradiated Antirrhinum which showed 
little or no evidence for 2-hit events even at dose 
rates as high as 250 r/day. The reason for this 


presumably deletions) are occurring 


difference in the shape of the curves for these 
two plants is discussed in Section 10 (p. 28). 
Other experiments on somatic mutations in 
chronically irradiated plants are reported in 
Sections 5 and 6. 


5. THE INFLUENCE OF GROWTH RATE OR 
LENGTH OF THE NUCLEAR CYCLE ON 
RADIOSENSITIVITY 

It has been known for many years that 
different stages of development of plants have 
different radiosensitivities and that, in general, 
rapidly growing plant tissue is fairly sensitive to 
acute doses of radiation. However, the responses 
of growing plants to chronic irradiation are 
different in a number of respects from the 
responses of plants to acute irradiation. One 
such important difference is in the influence of 
growth rate on the relative amount of damage 
inflicted. 

Two ways to study the effect of different 
growth rates on the tolerance of plants to 
irradiation are (1) to irradiate during different 
stages of the plant life history and (2) to control 
the growth rate by controlling such variables 
as temperature, light and nutrition. 

It has been noted previously that the induced 
somatic mutation rate in Antirrhinum petals is 
higher in the fall (September—October) than in 
the summer ( July).°® This effect can be best 
attributed to the slower growth rate associated 
with the lower temperatures of late summer or 
early fall. As a result of these observations, tests 
using two clones of Tradescantia were designed 
to reveal any effect of temperature on the 
frequency of either chromosome breakage or on 
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somatic mutation in chronically irradiated 


plants. The material used for these experiments 


was two different clones of 7radescantia, one of 


) 


T. paludosa (B2—2) which was used for cytological 
/ 


studies. ‘The second clone (T—02), which was 


used for the somatic mutation work, is derived 
from a wild plant which is apparently a natural 
hybrid of 7. occidentalis and T. 


used for mutation 


analu ulata. The 


clone somatic studies is 
heterozygous for the blue and pink flower colour 
genes and when a mutation or deletion occurs 
in a voung flower bud. it can be detected as a 
pink cell or group of cells either in the stamen 
hairs or in the petals of mature flowers. The 
plants used for chromosome breakage. eflect 
B2-2 irradiated during meiotic 


clone were 


prophase and later stages and the frequencies of 


micronuclei were scored in young microspores. 
It has previously been shown that micronuclei 
index of the frequency of fragment 
(42) 


are a fan 
produc tion. 
Four to eight plants of each of these clones 
were grown at average temperatures of about 
and 21°C 
exposures of 8 and 


at 20 hr/day. 


chronic radiation 


Aftei 


the plants were removed 


20 r/day. two weeks 
exposure 

from the radiation area and placed in a constant 
temperature room with an average temperature 


and 


of about a light intensity of about 700 ft- 


candles 18 hr/day of illumination. At 


interval buds or flowers were 


ored 


appropriate 
removed and lor frequency of chromo- 
some breakage or frequency of somatic mutation. 


are presented in 


data from the Tvradescantia experiments 


Fable 4. It is apparent that 


somatic mutation and 


1. The effect of temperature on 


breakage in two clones of ‘Tradescantia 


and 21° C 


radiated chronically at 12-5 


Dose 
rate 12-5 


21-0°C Ratio 
Somat 
Mutations 


Chromosome 


62-00 20-75 


Breakage 31-30 15-69 


decreased temperature increases the frequency 
of both 
and somatic mutation. Since, as pointed 


micronuclei (chromosome fragmenta- 


tion 
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out above, the latter is probably only an 
alternative method of scoring for the former, the 
observations agree with expectation. 

It is generally known that reduced tempera- 
ture prolongs the average time required for a 
cell to go through a complete cycle. This has 
been clearly shown for Vicia faba by Evans and 
SAVAGE and for Antirrhinum and Tradescantia 
by the authors.) The results of such a slow 
down on chronically irradiated plants is that the 
longer the period between successive divisions 
the greater the accumulated dose to the nucleus 
in one division cycle, and, hence, the greater 
the amount of chromosomal damage. 

It should be mentioned here that this growth 
rate effect is probably the explanation for the 
non-linear response at certain low dose rates 
previously reported for somatic mutation in 
Antirrhinum.“” Those rows of plants with the 
highest mutation rate per roentgen were located 
in an adverse position and therefore grew more 


slowly than most of the other rows. 


6. THE INFLUENCE OF THE DURATION OF 
CHRONIC EXPOSURE ON DEGREE OF RESPONSE 


There are several ways in which the duration 
of exposure can influence the radiation effect. 
Each of these will be discussed separately. 


a. Phenotypre lag 

This is exemplified in the case of the delayed 
petal mutations in 
Tradescantia.@?) At 
about 21°C, the minimum time for mutant cells 


appearance of induced 


Antirrhinum (see above) or 
to appear is 17 days for Antirrhinum and 9 days 
for Tradescantia. With chronic exposure experi- 
ments this fact establishes the minimum length 
or duration of continuous exposure before 
somatic mutations can appear and the length 
of time after cessation of treatment before the 


rate begins to decline. 


b. Increased length of mitotic cycles 


As mentioned above, any variable which 
increases the length of the mitotic cycle will 
increase the radiation exposure to the cells or 
nuclei concerned, if chronic exposure is being 
used. Thus if a cell normally divides once in 
25 hr and is being exposed to 100 r/day, the 


nucleus will receive a dose of 100 r for that cell 
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cycle; but if the average mitotic cycle time is 
increased to 48 hr, the cell will then receive 
during its cycle time double the dose, or 200 r. 
It has been shown in Section 5 how the nuclear 
cycle can be lengthened by lowering the 
temperature. Another way is by using a suitable 
dose of either acute or chronic radiation. The 
exact dose (or dose rate) which will produce this 
effect will vary with different plants depending 
upon their individual radiosensitivities. A pro- 
nounced effect has been observed frequently in 
Tradescantia (O02 clone) at a dose rate of 30 r 
day. Under these conditions the average time 
of the mitotic cycle increases four-fold, i.e., from 
20 hr to about 83 hr.@” 

The consequences of this radiation-induced 
prolongation of the nuclear cycle can be con- 
siderable. As explained above, a cell so slowed 
down would receive a relatively greater cumula- 
tive dose each time it goes through a cycle and 
each succeeding cycle would therefore be 
expected to be further slowed. We can thus 
anticipate, at high dose rates, a rapid build-up 
effect and the steady state (shown above for 
somatic mutations and chromosome breakage 
which occurs at lower dose rates would no 
longer prevail. It is realized that this effect 
could result in a non-linear response between 
increasing dose rates and somatic mutation as 
shown for L. festaceum in Fig. 5. If a significant 
effect is produced, one should observe also a 
reduced growth rate and retarded flowering or 
reduced flower size. These effects were not 
observed in L. lestaceum up to 8 r/day nor in 
Antirrhinum up to 250 r/day. 

In view of this, one might expect that once 
all cell division has ceased in a plant meristem 


under chronic exposure permanent inhibition of 


cell division would result. Actually, we have 
frequently observed a recovery under such 
circumstances in some plants while still under 
irradiation. This recovery is not understood but 
also has been observed in the intestinal epi- 
thelium of chronically irradiated mice.” 


c. The cumulative effect 

In our early experiments with herbaceous 
(mostly annual) plants we obtained the im- 
pression that if plants exposed for a minimum 
of 2 to 4 months at a daily dose rate which 
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produced no apparent gross effect were given a 
more prolonged exposure at the same dose rate, 
no severe damage would occur. ‘This may be true 
for some plants or perhaps the observations were 
not sufficiently critical, but recent studies with 
certain woody plants have given different 
results. For instance, chronic irradiation of 
Taxus media hatfieldii has shown that a dose rate 
of 20 r/day killed all eight plants at that dose 
rate in two seasons whereas it took three seasons 
to kill all eight plants at 15 r/day and at 10 r/day 
five out of eight had accumulated a lethal dose. 
Somewhat similar results have been observed 
with Pinus rigida in which average dose rates as 
low as 5 r/day have killed a high percentage of 
the trees after seven years of exposure. This 
same dose rate produces no obvious effect after 
a single season (8 months) of exposure. 

The above results clearly suggest a long term 
cumulative effect of fairly low dose rates com- 
parable to that reported for mammals. The 
total dose necessary to kill the pines is, however, 
very much greater than the acute dose needed 
to kill small pine seedlings in a few weeks.” The 
study of long term cumulative damage to certain 
plants exposed chronically at low dose rates 
will be continued on an expanded basis. 


7. THE INFLUENCE OF NUCLEAR VOLUME, 
CHROMOSOME SIZE, OR DNA CONTENT ON 
RADIOSENSITIVITY 

a. Growth inhibition studies 

In spite of many previous investigations on 
radiation tolerances of plants, it has not been 
possible to explain fully the reasons for the 
differences or to predict the tolerance of a species 
or form not previously studied. From the data 
to be presented, it now seems that a reasonable 
explanation for the differences has been found. 
Further, it should soon be feasible to make 
fairly accurate predictions of the tolerance of 
plants (and eventually, we hope, of animals) to 
ionizing radiation. These conclusions have been 
reached after extensive study of the tolerances 
(as measured by growth inhibition or lethality) 


of more than two hundred different species of 


higher plants representing more than _ fifty 
different plant families. 

Generally the plants were exposed acutely or 
chronically to gamma radiation from radio- 
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acute X-ray treatments 


were given. For each species studied several 


cobalt; occasionally 


rows (or of plants were exposed simul- 


taneously. In this way a wide range of dose 


arcs 


rates (or dosages) were given and after one or 
two test runs it was usually possible to determine 
the 


severe stunting or to inhibit the growth of the 


amount of radiation necessary to cause 
plants. In most experiments accurate measure- 
ments were not made, but the row (or group 
of plants which appeared to have shown not 
more than about 15 per cent of normal growth 
was chosen as the critical dosage level. Thus the 
end point used was an approximate value and 
this should be borne in mind. It is valid, how- 
ever, because the possible error for each species 
is small compared to the variation between 
species. 

It is well known that the mitotic division of 
the apical meristematic cells and subsequent 
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differentiation of the derived cells determine in 
part the growth rate as well as the structural 
organization of the plant body. Thus, any agent 
or factor interferes with the normal 
mitotic activity of the meristem(s) will be 
reflected in the growth of the plant. 

Initially we did not know whether there would 
be a definite relationship between the tolerances 


which 


of a given species as determined by acute vs. 
chronic exposures. Parallel exposures were run 
on nine species of plants and the results are 
shown in Fig. 6. It is apparent that there is a 
clear correlation between the tolerances as 
determined by the two methods of treatment; 
that is, a plant which requires a high acute 
dose to stop growth also requires a relatively 
high daily chronic dose. The average plant 
species will show roughly the same degree of 
effect with a single acute dose which is about 
the daily chronic dose. This 


thirteen times 


400 600 1000 2000 


200 


DOSE RATE (r/DAY) REQUIRED TO PRODUCE 


SEVERE GROWTH 


Fic. 6. 


Relationship between total acute dose 


INHIBITION 


in kr 


and daily chronic dose (in r) 


required to produce severe growth inhibition. 1, Brassica oleracea; 2, Chlorophytum elatum; 
3, Lilium superbum: 4, Nicotiana rustica; 5, Pinus rigida; 6, Solanum lycopersicum:; 7, Tradescantia 
paludosa; 8, Vicia faba; 9, Zea mays. 
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value is calculated for chronic exposures which 
averaged about 12 weeks in duration. 

It has previously been reported: 4:36 4) that 
chromosome size is directly related to the 
amount of radiation damage produced by a 
given dose, but no quantitative measurements 
have been given, partly because of the tedious 
nature of determining chromosome size or 
volume accurately. The authors assumed that 
differences in chromosome size or volume in 
different species would be reflected in similar 
differences in size or volume of interphase 
nuclei. On this basis, and because it is relatively 
easy to determine nuclear volume, we have 
determined such volumes for interphase nuclei 
of stem apices (tunica or outer corpus) from 
stained sections of a long list of plants. Data 
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RELATIONSHIP BETWEEN NUCLEAR VOLUME AND 
RADIOSENSITIVITY IN 23 SPECIES OF PLANTS 
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from twenty-three species assumed to be diploid 
are presented graphically in Fig. 7. Each point 
on the graph represents the mean of twenty 
observations taken from two slides per species. 
When the average nuclear 
interphase cells are plotted against the chronic 
daily dose necessary to produce severe growth 
inhibition, the resultant graph shows a clear 
relationship between the two variables, that is, 


volumes of such 


the larger the nuclear volume the more sensitive 
the meristem. The population regression line is 
estimated by a slope —0-73 and slopes down- 
ward with an orientation somewhere between 

-882 and —-582 (at the 
significance). 

While the slope of the curve relating nuclear 
volume and radiosensitivity seems to be slightly 
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Fic. 7. Graph showing the relationship between nuclear volume and radiosensitivity 


in twenty-three species of plants. 1, Allium cepa; 2, Anethum graveolens ; 


3, Antirrhinum majus; 


+, Arabidopsis thaliana; 5, Brodiaea bridgest; 6, Graptopetalum bartramit; 7, Haworthia attenuata; 
8, Helianthus annuus; 9, Impatiens sultanii; 10, Luzula purpurea; 11, Nicotiana glauca; 12, Oxalis 


stricta; 13, Piswm sativum; 14, Raphanus sativus; 15, Ricinus communis ; 
Tradescantia ohiensis; 19, Tradescantia paludosa; 20, Trillium 


17, Sedum oryzifolium; 18, 


16, Saintpaulia ionantha; 


) 


grandiflorum; 21, Tulbaghia violacea; 22, Vicia faba; 23, Zea mays. 
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it seems likely that it might 
be closer to —1 when more extensive data are 


less than 
available. A slope ol 1 would be of consider- 
able interest since it would mean that the pro- 
duct of the two variables would be a constant. 
That is, dose (or dose rate) times nuclear volume 
would give a constant. Since dose can also be 
expressed as ionizations unit volume we can 
then deduce that a constant number of ioniza- 
tions is required to inhibit nuclear divisions 
hence growth) regardless of the size of the 
diploid nucleus. 

The above relationship is shewn for nuclear 
volume. A similar relationship may also hold 
for the relationship between the average amount 
of DNA per nucleus and radiosensitivity (see 
also Section 10 

In addition to its role in the determination 
of the relative tolerance of different taxa, nuclear 
volume also may be an important factor in 
determining changes in 
different cells or tissues within a plant. For 
instance, changes in sensitivity of dry seed, 
soaked seed and young seedlings may be related 
to a known increase in nuclear volume during 
these stages. Brent reported that the degree 
of morphological effects on Triticum and Glycine 
produced by exposure to gamma radiation 
varied with the stage irradiated. The most 
radiosensitive stage reported by the above 
author was at 48 hr. Assuming this time of high 
radiosensitivity to be 48 hr after the initiation 
of germination, it is interesting to note that the 
nuclear volume of Glycine max L. which is about 
125 u% at dormancy reaches a maximum size 
between 36 and 84 hr. Likewise, changes in 
nuclear volume which occur during telophase- 
interphase-prophase stages or in the transition 
from somatic to germinal cells may be of signific- 
ance. Preliminary studies suggest that many of the 
above changes can indeed be correlated with 
changes in radiosensitivity, but further data are 
required to reach unequivocal conclusions. 


b. The influence of nuclear volume on chromosome 
break frequency 

It has been reported by several investigators 
that the severity of growth inhibition can be 
correlated with the amount of chromosome 
damage, i.e., the higher the frequency of chromo- 
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radiosensitivity of 


some aberration the greater the growth inhibi- 


tion. It would, therefore, be expected that if 


one examines cytologically a series of species 
with widely different 
determined by growth inhibition), one would 


radiosensitivities (as 


find parallel differences in the incidence of 


chromosome aberration produced per roentgen 


of exposure. Conversely, if different yields of 
aberrations are observed per roentgen of 


exposure in a series of species, one might predict 
similar differences in the doses required to 
produce growth inhibition in these plants. 
Actually, we have found in a series of pre- 
liminary observations reasonable agreement 
with expectation, i.e., the higher the dose (or 
dose rate) required to produce severe inhibition 
of growth the higher the dose (or dose rate 
required to produce a major rise in the fre- 
quency of chromosome aberrations. 

In the light of the known correlation between 
aberration frequency and growth inhibition 
and between growth inhibition and nuclear 
volume (Fig. 7), one would expect aberration 
frequency per roentgen also to be correlated 
with nuclear volume. Unpublished data suggest 
such a relationship, but more extensive observa- 
tions are needed. While such a relationship is 
to be expected on the basis of simple target 
theory (see p. 28), it has not previously been 
pointed out as far as the authors are aware. 

One would expect that changes in nuclear or 
chromosomal volume with stage of the mitotic 
cycle, or during growth and differentiation, 
might also be correlated with changes in radio- 
sensitivity. Preliminary data seem to confirm 
this expectation. 


c. The influence of nuclear volume on the frequency of 


somatic mutation 

Since it has been shown that a large nuclear 
volume will give a high radiosensitivity for 
certain kinds of radiation damage, it seemed 
worthwhile to look for a correlation between 
nuclear volume and frequency of somatic 
mutation. With this in mind, induced somatic 
mutation rates were studied in petals of several 
species of plants with different nuclear volumes. 
The data show that two species with small 
nuclei (Antirrhinum and Petunia) have relatively 
low rates and that two others with large nuclei 
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(Tradescantia and Lilium) have much higher 


rates (Table 5).“ The sample is not large 


Table 5. Data showing the relationship between induced 
somatic mutation rates* and average nuclear volumes of 


meristematic cells in four different species. 


Induced 
ratef per 
10° cells of 


Nuclear 


volume 


Species used mature 4? 
petal 
Antirrhinum majus (2n = 16 1-6 75 
Petunia hybrida (2n= 14 0-9 100 
Tradescantia (clone O02 
20-4 900 
Lilium testaceum (2n —24 124-0 1800 


*Per locus. 
tNet per roentgen of daily exposure to gamma radiation. 


enough to be conclusive but taken along with 
other data radiobiological 


significance of nuclear volume would strongly 


concerning the 


suggest that somatic mutation rate per roentgen 
increases with increasing chromosome or nuclear 


size. Such a relationship would be expected if 


the somatic mutations result primarily from 
losses or deletions (as shown in Sections 4 and 
10) but not necessarily so if they result from 
point mutations. 

An additional factor which has been shown 
to influence the frequency of deletion of a given 
locus is the total length of the chromosome arm 
concerned and the relative positions of that 
locus within the arm.‘ Since in the relatively 
short chromosomes of Yea mays an approxi- 


mately four-fold difference in the frequency of 


loss of loci at opposite extremes of the chromo- 
some arm was observed, one could well expect 
an even greater effect due to position in the 
much longer chromosomes of Tradescantia or 
Lilium. The nuclear volumes of these two plants 
are fairly similar (Table 5), but the somatic 
mutation rates for flower colour genes differ 
by a factor of about 6. It is assumed that this 
difference is due, at least in part, to different 
distances of the loci in question from the 
centromere. Other factors may also be involved, 
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for instance, a difference in average length of 
the nuclear cycle might be a_ contributing 


factor (see Section 5 


8. THE INFLUENCE OF POLYPLOIDY 

It has been shown in previous publications 
from this laboratory that the degree of poly- 
ploidy of a species within a genus is related to its 
tolerance to chronic gamma irradiation.@®:3® 
(490,41) This has been shown both for five 
Chrysanthemum species with chromosome numbers 
of 18, 36, 72, 90 and 198 and for nine Sedum 
species with chromosome numbers as shown in 
Fig. 8. In Sedum, as the chromosome number 
doubles from 20 to 40, the daily dose required to 
produce an LD*® increases from about 850 r 
to 1300 r. In this case, a doubling of chromosome 
number increases the tolerance by slightly more 
than 50 per cent. This may be more or less than 
the general average. More data will be required 
to establish a reliable value for an overall 
average protective effect of doubling the chromo- 
some number by polyploidy. While it seems 
likely that this protective effect will be wide- 
spread in higher plants and mosses,” we can 
offer no explanation for the observation that the 
reverse trend seems to hold for a_ polyploid 
series in yeast.7® 

These observations may seem to disagree with 
the relationship shown above for nuclear volume 
and tolerance since increasing polyploidy is 
usually associated with increases in nuclear 
volume. The relationship between the degree of 
ploidy, nuclear volume and resistance to radia- 
tion in three species of Chrysanthemum is shown in 
Fig. 9. It is thus clear that increasing nuclear 
volume does not always result in increased 
sensitivity, but that polyploidy can have a 
greater protective effect than the enhancing 
effect expected from increased nuclear size 
associated with the increase in chromosome 
number. 

The degree of protection found in a poly- 
ploid could be modified by disproportionate 
changes in nuclear volume in some of the species 
in a polyploid series. Such unexpected nuclear 
volumes have been observed by the authors in 
the Sedum series and will almost certainly be 
found also in other polyploid series (see p. 31). 
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SPECIES 


| - ORYZIFOLIUM 
2 - GLAUCOPHYLLUM 

3 - MIDDENDORFFIANUM 
4 - RUPESTRE 

5 - GLAUCOPHYLLUM 

6 - KAMTSCHATICUM 

7 - ALBOROSEUM 

8 - SPECTABILE 

9- ELLOCAMBIANUM 
ALBUM 

$= + 2XSE. 


LD/50 DOSE RATE IN r/d 
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10 20 30 40 50 60 70 80 90 100 
SOMATIC CHROMOSOME NUMBER 


Fic. 8. Relationship between chromosome number and LD/50 for nine species of the 


genus Sedum after 16 weeks of chronic gamma irradiation (40), 


3 


C.LACUSTRE (22x) 
C.ARTICUM (8x) 
C.NIPPONICUM (2x) 


NUCLEAR VOLUME IN U 


10,000 
REQUIRED TO GIVE SEVERE 
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Fic. 9. Relationship between nuclear volume and 


radiosensitivity of three species of Chrysanthemum. 


9. THE INFLUENCE OF INCREASING 
CHROMOSOME NUMBER WITHOUT KNOWN 
POLYPLOIDY 


It seemed possible that one also might find 
some relationship between tolerance and _ in- 
creasing chromosome number in plants which 
are assumed to be diploid, i.e., where there are 
no species of lower chromosome number in the 
same genus. In order to test for such a relation- 
ship the chromosome numbers of forty-four 


species of plants were plotted against the daily 


dose rate necessary to produce severe growth 
inhibition. The resultant graph shows that 
chromosome number alone cannot be used as 
an indicator of radiosensitivity in diploids 
(Fig. 10). 

However, since it has been shown above that 
nuclear volume plays a major role in controlling 
sensitivity, it seemed that as a further test of the 
significance of chromosome number the nuclear 
volume variable should be eliminated as far as 
possible. We, therefore, chose a small group of 
plants with nuclear volumes between 140 and 
245 v3 and plotted the variables as shown in 
Fig. 11. The data so plotted show a general 
trend, but additional experiments concerned 
with the further demonstration of this relation- 
ship are needed and are now underway. 

While one cannot eliminate the possibility 
that ancient polyploidy may exist in some of the 
species with the higher chromosome numbers, 
if it is assumed that the effect is a real one and 
not the result of polyploidy, it is interesting to 
speculate about the possible reason for the 
effect. 
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Fic. 10. Relationship between chromosome number 
and radiosensitivity in forty-three species of unselected 
diploid plants. ‘The first twenty-three numbers are the 
same as those in Fic. 7. 24, Agropyron elongatum; 25, 
Aphanostephus ramosissimus; 26, Aphanostephus riddellit: 
27, Aphanostephus skirrhobasis; 28, Brassica japonica; 29, 
Brassica oleracea: 30, Canna generalis; 31, Capsicum 
frutescens; 32, Cornus florida; 33, Cosmos sulphureus; 34, 
Glycine max; 35, Ipomoea noctiflora; 36, Juniperus 
communis; 37, Kalanchoe daigremontiana; 38, Lilium 
longiflorum 39, Petroselinumcrispum; 40, Phaseolus vulgaris; 
$1, Phytolacca decandra; +2, Pinus rigida; +3, Spinacea 


oleracea. 


SOMATIC CHROMOSOME NUMBER 


100 200 300 400 500 600 
DOSE RATE (r/DAY) REQUIRED TO PRODUCE SEVERE EFFECT 
Fic. 11. Relationship between chromosome number 
and radiosensitivity in species of plants selected for 
comparable nuclear volumes. (See text. 


An explanation can be offered if it is assumed 
that terminal deletions are a major cause of 
radiation-induced damage. The argument in its 
simplest form would require that a series of 
species would have similar or identical nuclear 
volumes but a series of progressively higher 
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chromosome numbers. Further, within each 
species all chromosomes should be isobrachial 
and about the same size. According to our 
concept of the relationship between nuclear 
volume and chromosome breakage, a standard 
dose should produce in each of these species the 
same average number of breaks per nucleus 
regardless of chromosome number (Section 10). 
For a hypothetical 2-chromosome nucleus an 
average deletion would be expected to be 
approximately 4 of one of the four equal arms 
or | of the total amount of chromatin. This can 
be equated to a similar percentage of the total 
gene pool of the complement. As the chromo- 
some number increases (but nuclear volume and 
total chromosome length remain constant), the 
average percentage of chromatin (or of genes 
lost per deletion would decrease rapidly since 
the number of breaks per unit dose would be 
constant. This model relationship is illustrated 
in Fig. 12. We cannot at this time prove that 
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CALCULATED AVERAGE PERCENTAGE 
LOST PER TERMINAL DELETION 
Fic. 12. The effect of chromosome number on average 
percentage of chromatin lost per terminal deletion 
theoretical curve). 


this is the actual cause of the protective effect of 
increasing chromosome number, but it is of 
considerable interest that our data (Fig. 11 

show that doubling the chromosome number has 
a protective effect of greater than two which is 
in reasonable agreement with the predicted 
protective effect in the model case. Preliminary 
consideration of the 2-hit deletions suggests 
that the result of such events during chronic 
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exposures would be similar to the model case 
above but only important at doses or dose rates 
which produce a significant number of 2-hit 


deletions. 


10. THEORETICAL CONSIDERATIONS AND 
CONCLUSIONS 

[he data presented in the above sections may 
appear, after a casual perusal, to be merely an 
odd collection of radiobiological facts. ‘They are, 
on the contrary, caretully selected with a view to 
indicating certain relationships from which we 
hope to establish some new fundamental con- 
cepts regarding the role of cytogenetic damage 
in producing and/or modifying radiobiological 
responses. 

We hope that by now it is evident that several 
different methods of assaying radiation damage, 
namely, chromosome breakage, somatic muta- 
tion, growth inhibition, or lethality, give more 
or less parallel sets of data. ‘That is, they can be 
used more or less interchangeably as a method 
of studying comparative radiosensitivities re- 
eardless of such variables as kind of radiation, 
dose rate, dose fractionation, etc. ‘The various 
types of damage probably stem from some com- 
mon radiobiological event or events. It is not 
possible at this time, and perhaps not necessary, 
common 
denominator is, that it is 
chromosome breakage and proceed to develop 


to establish definitely what this 


but let us assume 
our theory. Having made this assumption, we 
can now discuss why chromosome number and 
nuclear volume and, for chronic 
length of the mitotic cycle are the major factors 
controlling cellular radiosensitivity of different 
(37) 


exposures, 


species. 

Let us consider first the problem of nuclear 
volume. We are interested in explaining why 
control 


differences in nuclear volume should 


to a rather high degree the radiosensitivity of 


the species in question. For the purposes of this 


discussion, certain generalizations and assump- 
tions will be made. ‘There is no question that the 
volume of the nucleus during a single mitotic 
or nuclear cycle varies considerably and that 
this may be related to changes in radiosensitivity 
during the nuclear cycle.* 3%) However, we are 
more concerned with the average nuclear 
volumes of typical meristematic cells of different 
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species. We shall ignore the fact that a part of 
the nucleus is composed of a nucleolus and 
perhaps some other non-chromatin substances, 
and assume that in a series of species any 
variation induced by these factors will be small 
and can, therefore, be ignored. We shall also 
ignore structural the 
chromosome, such as heterochromatin, which 


differentiation within 
might tend to increase or decrease the break- 
ability of certain regions, and assume that all 
regions of any chromosome have an equal 
chance of being broken or that. statistically 
speaking chromosome breakage is completely at 
random. We must now further assume that a 
certain minimum number of ionizations are 
required to produce a chromosome break" 
and that this number does not change signifi- 
cantly as the average chromosome size or 
nuclear volume varies from species to species. 

The number of ionizations produced within a 
nucleus is proportionate to the nuclear volume 
Table 6). It therefore, that 
the larger the nuclear volume, the greater the 


would follow, 
number of breaks produced per unit dose or, 
conversely, that the smaller the nuclear volume, 
the higher the dosage required to produce one 
break. For example, ifa dose of 100 r is delivered 
to a tissue with an average nuclear volume of 
1000 v3, the total number of ionizations for an 
‘8 x 10°, and _ this 
can be compared with a tissue (or species) in 
the 
where the average 
1-8 x 108 ionizations. If the probability of a 


average nucleus would be 


which average nuclear volume is 10 u% 


nucleus would receive 
standard number of ionizations producing a 
break is similar in both nuclei and the conse- 
quences of a break are likewise similar in the 
degree of the ultimate disturbance caused, we 
should expect in these two species a difference 
in sensitivity proportional to the differences in 
their nuclear volumes. In the above example the 
differences in sensitivity would be 100-fold, or, 
to express it another way, the tissue (or species 
with the small nucleus (10 v3) would tolerate 
100 times more radiation than the one with the 
large nucleus (1000 v3). This, in fact, is what 
our data show, allowing for some scatter in 
individual plants and assuming that the slope of 
the curve shown in Fig. 7 does not deviate 
greatly from —1. The exact slope of this curve 
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Summary of the probable interrelationships of nuclear volume, chromosome number, growth inhibition, lethality and 


No. of 
Dose Nuclear lonizations 
Variables r volume per 
nucleus* 
Nuclear 100 1000 180,000 
Volume 100 10 1,800 


Nuclear 1000 90,000 


Volume 
and Dose 


10 90,000 


100 5900 90,000 


Chromosome 


Number 
ol 100 


500 
500 


90.000 
90.000 


100 


Polyploidy 


Assumed 
no. of 
breaks or 


Somat 


Relative 


chromo- 


Expected gross 


some deletions sensi- effect 
number per tivityt 
nucleus 
14 100 Lethal 
14 0-04 l Negligible 


100 Severe growth 
inhibition 
Severe growth 


inhibition 


14 2 0) Severe growth 
inhibition 

6 2 tae Probably lethalt 

28 2 C20 Mild‘ 


*Based on 1°8 ionizations per r per us, 


;Based on a unit sensitivity for the most resistant 


+Based on the theoretical calculation shown in Fig. 12. 
Based on the observed protec tion found in Sedwmn. 


remains to be determined, but if it turns out to 
be significantly less than —1, several possible 
explanations can be given. 

As mentioned above, if the true slope of the 
curve in Fig. 7 is approximately — 1, it is readily 
apparent that the product of the two variables 
in other words, the dose 


will be a constant. or, 


required to produce a given end point (in this 


case, severe growth inhibition) times nuclear 


volume is a constant. Since dose can also be 
expressed as number of ionizations per unit 
volume, we can say that a constant number of 
ionizations regardless of the average size of the 
nucleus will produce within reasonably narrow 
limits a given degree of growth inhibition. The 
latter 
breakage. ‘This relationship is perhaps some- 


is assumed to result from chromosome 
what surprising since one might have suspected 
that very large nuclei with correspondingly 
high contents of DNA might require a greater 
total number of ionizations to produce a given 
effect. The fact that this does not seem to be the 
considerable 


considered to be of 


significance and it is, 


case is 
theoretical therefore, 


considered extremely important to establish the 


smallest 


nucieus, 


exact slope of the line relating nuclear volume 
and radiosensitivity as soon as possible. 

The presumed relationship described above, 
i.e., that a constant number of ionizations per 
nucleus is required to produce a given effect, 
may be based on the fact that a certain minimum 
number of ionizations is required to produce a 
break. If for the 


differences in number 


chromosome we ignore, 


moment, chromosome 
which may exist, or assume the same chromo- 
some number to be present in each case, then 
the expected 
breaks per 
Table 6 

breaks would be caused by » ionizations would 
not vary with The latter 
determines the probability of a break occurring 


consequences of A 
the 
Presumably, the probability that « 


damaging 


nucleus would be same (see 


nuclear volume. 
per unit dose but presumably does not specifi- 
the ionizations 
required to produce a break. 

Since the number of ionizations per nucleus 


cally influence number of 


required to inhibit growth probably does not 
increasing nuclear size (and 
presumed increasing amounts of DNA), it 
seems unlikely that the mechanisms responsible 


increase with 


cate 
| 
14 2 
9 
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1 
] 
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ionizations for each DNA molecule. Therefore, 
the argument in favour of a cluster effect such 
as chromosome breakage is strengthened. The 
logical conclusion then would be that the con- 
stant number of ionizations produces its standard 
effect (severe growth inhibition) because, barring 
the modifying effect of chromosome number, it 
produces a constant amount of breakage per 
nucleus. Stated in another way, the different 
from the fact that 


radiosensitivities result 


different doses are required to 
deliver a critical number of ionizations into 
nuclei of different sizes (Table 6). 


It was pointed out in Section 4c that chronic 


impinging 


exposures of Antirrhinum even up to dose rates 
as high as 250 r/day gave only a linear increase 
in somatic mutation, 

8 rday and lower gave a non-linear response 
consider that the 


for Lilium testaceum. We 


explanation lies in the great difference in 
average nuclear volumes for the two species, 
namely 75 uv for 
L. testaceum. In the very small nucleus, the 


probability of a 2-hit event for any given dose 


Intirrhinum and 1750 for 


is much lower than in the large nucleus. The 
shape of the mutation response curve is not 
determined here, or elsewhere, merely by the 
absolute physical dose but by 
radiobiological events per nucleus or per 
chromosome. ‘The expression “low dose rate” 
should be used only in a loose sense since in one 
species a large biological effect can be produced 
by the same dose or dose rate which in another 
species produces a small or almost negligible 
effect. 

It has been shown in Section 7 that average 
nuclear volume is related to radiosensitivity and 
further suggested that the latter might also be 
related to the average amount of DNA per 
nucleus. From a preliminary analysis of 2 mm 
root tip segments from Tradescantia paludosa, 
Vicia faba and Glycine max, the DNA content per 
cell was 59 pug, 33 pug and 7-1 uug, respec- 
tively the corresponding nuclear volumes for 
the above plants are approximately 640, 500, 
110%. This would indicate that species with 
large nuclei have more DNA per nucleus than 
those with small nuclei. In the published 
literature the DNA value of a Lilium longiflorum 
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would be dependent upon a given number of 


whereas dose rates of 


the number of 


microspore nucleus is given as about 50 uwug", 
a root tip meristem nucleus of ea mays as about 
8 uug.@) and between | and 2 uwyug for the alga 
Chlorella” These have nuclear 
volumes of about 1650, 220 and | 3 respectively. 


organisms 


Much more extensive data are needed to estab- 
lish the degree of correlation between nuclear 
volume and DNA content but it seems highly 
probable that such a general relationship does 

From the known facts about average nuclear 
size in diploids and polyploids and the average 
amounts of DNA per nucleus, it seems reason- 
able to suggest that, at least in most cases, there 
is generally a direct correlation between nuclear 
size and DNA content per nucleus. There are, 
of course, exceptions,'?*) but these should not 
invalidate the general concept. If we are willing 
to accept this concept we can make another 
interesting correlation. Since large nuclei and 
hence those with the greatest average amount 
of DNA per nucleus are most sensitive and since 
a low chromosome number also confers high 
sensitivity, it is clear that the most sensitive 
species should be those with the highest average 
DNA and low chromosome number or alterna- 
tively merely a high DNA content per chromo- 
some. This theory could be extended even 
further because if the amount of chromatin lost 
per deletion is also greatest in low chromosome, 
large-nucleated forms, it follows that high 
sensitivity will occur when a high average 
amount of DNA is lost per deletion. 

It has not been shown that the frequency per 
roentgen of induced point mutation is related 
to nuclear volume nor to chromosome number 
without polyploidy) and there seems no 
theoretical basis for postulating such a relation- 
ship. It is possible, however, that the frequency 
of small deletions (some of which may be in- 
distinguishable from so-called point mutations 
produced per roentgen would be proportional to 
nuclear volume. It seems reasonable also to 
anticipate that if the incidence of induced point 
mutations is not related to total nuclear volume 
then the larger the nuclear volume of a species 
the lower the expected ratio of point mutations 
to the more gross chromosomal events such as 
deletion. Perhaps this accounts for the high 
incidence of events considered to be point 
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mutations in microorganisms with small nuclei 
or small DNA values and the much _ lower 
incidence (or even complete absence, according 
to STADLER™*)) of point mutations in radiation- 
induced genetic changes in higher plants. 

Before leaving the topic of nuclear volume it 
should be mentioned that certain investigators 
seem to be unaware of the great differences in 
tolerances between different For 
instance, microorganisms with high tolerances 
are frequently used to test for radiation effects 
in outer space or fall-out research where low 
dose rates and/or small total doses are expected. 
It would seem that a better selection of experi- 
mental material often could be made if nuclear 
volumes were considered as a criterion in choice 
of material. 

The role of chromosome number in deter- 
mining radiosensitivity of a species has been 
considered previously by a 
authors, 14, 16-19, 30, 36.37) Where a higher 
chromosome number results from aneuploidy 
or polyploidy, one could reasonably predict 
increased radioresistance due to reduplication 
of genomes or parts of genomes. One should, 
therefore, expect polyploids to be more resistant 
than diploids since a chromosome deletion 


organisms. 


would be expected to be less serious for the 
nucleus concerned in the case where four or 
more genomes exist as compared to the diploid 
with only two genomes. In the usual situation 
described in tetraploid plants recently derived 
from diploids or in tetraploid sectors of plants 
produced by colchicine or similar agents, the 
polyploid nuclei generally considerably 
larger than the diploid (and the DNA about 
2x greater) and the amount of chromosome 
breakage produced seems to be proportional to 
chromosome number. This proportionality is 
dependent upon a consistent difference in 
volumes of the diploid and tetraploid nuclei. In 
certain series of naturally-occurring polyploid 
species, however, this proportionality does not 
hold, i.e., the average nuclear volume of a fairly 
high polyploid may be equal to that found in a 
closely related diploid (unpublished observa- 
tions). It is thus apparent that the protective 
effect of polyploidy must be balanced against 
the enhancing effect associated with increased 
nuclear volume. In the Chrysanthemum series 


are 


number of 
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studied where the average space occupied by 
one genome increases proportionately with the 
degree of polyploidy (Fig. 9), we have found 
that the polyploidy has a net protective effect 
in spite of the much larger nuclear volume of the 
polyploids. It would be theoretically possible 
for a polyploid nucleus to be disproportionately 
larger than the diploid and, if this were true, 
it could account for occasional cases in which 
a polyploid is more sensitive than the closely 
related diploid. In the reverse case in which the 
average space occupied by a genome in a 
polyploid is considerably less than that in a 
diploid, the polyploid would be protected first 
by polyploidy, secondly by its low nuclear 
volume. It is thus clear that both nuclear volume 
and the degree of polyploidy must be considered 
when the radiosensitivity of polyploids is being 
studied. 

The protective effect of increased chromo- 
some number in a series of plants assumed to 
have a uniform nuclear volume has been dis- 
cussed above in Section 9. In this case, the 
effect of increased 
number can be attributed to a 
decreasing percentage loss of chromatin (or of 


chromosome 
gradually 


protective 


genes) per unit dose of radiation or per chromo- 
some fragment. In terms of classical cytogenetics 
this is equivalent to saying that the smaller the 
deletion the less serious the consequences. In 
the case of somatic mutation based on deletion, 
the higher the chromosome number the lower 
the probability that any particular chromosome 
locus or sector would be deleted per unit number 
of breaks. For such effects as lethality or growth 
inhibition, it should be clear that the reduced 
chromatin per unit per break 
would reduce the severity of either of these 
effects or alternately increase the dose required 
to produce a uniform degree of response. Here 
again, it is regrettable, but apparent, that more 
data are needed to establish firmly the relation- 
ship indicated by our preliminary data and to 
establish the degree of protective effect afforded 
by chromosome doubling without polyploidy. 
It is of considerable interest that increased 
whether 


loss dose or 


chromosome number regardless of 
associated with polyploidy or not seems to offer 
a roughly parallel amount of protective effect. 


Further study may distinguish between the 
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relative value of increased number in polyploids 
vs. that in non-polyploids and, of course, the 
nuclear volume aspect must be kept in mind. 
However. to summarize our above observations, 
it would appear that the relative radiosensitivity 
of any species can be fairly sharply defined by 
considering only two variables, namely, nuclear 
volume and chromosome number. 

For chronically irradiated tissue, an additional 
factor must be considered in order to predict the 
resultant radiobiological effect. This variable 
can be roughly defined as growth rate, or more 
specifically as the average length of time required 
for a nucleus to pass through a complete nuclear 
Data 
that factors which increase the average length 


cvcele. have been presented to show 


of the mitotic or meiotic nuclear cycle increase 


the frequency of chromosome breakage or of 


somatic mutation or decrease the dose required 
to produce a given amount of growth inhibition. 
Che basis for this effect in chronically exposed 
material is assumed to be the fact that for any 
eiven dose rate the longer the time it takes for a 
nucleus to complete its cycle, the greater the 
total number of ionizations deposited therein. 
greater the 


Thus the longet 


cumulative dose and therefore the more severe 


the cycle the 
the effect. It should be pointed out here that 
cumulative dose is important in modifying the 
effect when the period of accumulation is short 
with respect to the average length of the nuclear 
cycle. When the period is many times the 
average cycle the significance of the cumulative 
effect is small or negligible at least for chromo- 
somal events 
the type we have been studying (see Section 4¢ 
This effect of growth rate in chronic irradia- 
tion studies is a rather significant one since it is 
in apparent contradiction to the 
growth rate on sensitivity when acute treatments 
are employed. In the latter case it is generally 
considered that the most actively dividing cells 
are the most sensitive. While this is probably 
not always the case, there are relatively few 
instances known in which, after acute exposures, 
the sensitivity of cells or tissue is inversely 
related to the frequency of cell division. 
In addition to induced alteration in the 
length of the mitotic cycle, we should mention 


the fact that this is also a naturally occurring 


including somatic mutation) of 


effect of 
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variable. Mitotic rate varies widely with a 
number of biological and environmental factors. 
A chronic exposure period which includes a 
dormant or semi-dormant would be 


expected to produce a greater effect than the 


stage 


same length of exposure at a stage of develop- 
ment during which rapid cell division and 
growth were occurring due to the cumulative 
dose effect. We thus have the paradox that while 
individual cellular sensitivity may be greater 
e.g., for prophase-metaphase stages‘*”? a 
rapidly growing tissue, the total damage in- 
flicted in the tissue as a whole may be much less 
than in the tissue with the reduced rate of cell 
divisions. To express it in other words, the 
rapidly dividing cells will have a greater chance 
of being able to overcome or outgrow the radia- 
tion damage inflicted by a chronic treatment. 
It should be emphasized, however, that the 
authors do not claim that the variables they 
It is 
thought that over a probable range of at least 
1000-fold the radiosensitivity of a 
species is defined within a factor of 2 or 3 by 
the nuclear volume and chromosome number of 


have considered are the only valid ones. 


relative 


the species. Many other secondary factors also 
may modify tolerance (see summary by GUNCKEL 
and the eflect 
generally fairly small. The combined effect of 


SPARROW”), but of each is 
these may be considerable, however, and per- 
haps accounts for some of the scatter shown in 
Fig. 7. 

Our experiments which have 
except for some pre- 


been limited 
mostly to higher plants 
liminary data on ferns and algae) seem to 
reveal little relationship between taxonomic 
position and sensitivity. At least, we have not 
found, so far, any reliable method based on 


taxonomy of accurately predicting sensitivity. 


The key site in the cell is obviously the nucleus 


and the key process or processes are nuclear 
function or reproduction. This being so, any 
group of organisms, whether plant or animal, 
in which the nuclear or genetic system is similar 
to that found in higher plants should be governed 
by the same rules which determine the sensi- 
tivity of higher plants. 

In the light of the above considerations, the 
authors hope that by some further elucidation 
of these factors and knowing how and why they 
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operate, it should be possible to predict the 


degree of injury (or other response) in any 
proposed radiation experiment with a_ fairly 
high degree of accuracy. This should be true 
even for an organism not previously used 
experimentally in radiobiology and the method 
should greatly facilitate extrapolation of data 


from one species to another. 
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PRODUCTION OF 


CYTOLOGICAL EFFECTS OF PHENYLNITROSAMINES—I. THE 
STRUCTURAL CHROMOSOME CHANGES 
IN THE PRESENCE OF LIGHT AND ACRIDINE ORANGE.* 


B. A. KTIHLMAN 


Institute of Physiological Botany, University of Uppsala, Uppsala, Sweden 


Abstract——lT'wenty-eight different agents were tested for their ability to activate the 
production of chromosomal aberrations in the root-tips of Vicia faba by the light-acridine 
orange system. Of these agents only sodium nitrite and the phenylnitrosamines diphenyl- 
nitrosamine and N-methylphenylnitrosamine were active. The effect of methylphenyl- 
nitrosamine in the light-acridine orange system was compared with that of cupferron. Oxygen 
was found to counteract the effects of both these phenylnitrosamines. The effect of methyl- 
phenylnitrosamine was independent of the pH of the treatment solution, whereas the effect of 
cupferron decreased when the pH increased. The nature and mode of action of the active 
agents is discussed. 

Nitric oxide and cupferron were not able to replace oxygen in the photodynamic in- 


activation of coliphage T3 in the presence of acridine orange. 


Résumé—Vingt-huit agents ont été éprouvés pour étudier leur habilité a activer la produc- 
tion de chromosomes aberrés dans les pointes de racines du Vicia faba avec le systéme de lumiére 
acridine orange. Sur tous ces agents, il n’est que le nitrite de sodium, les phenylnitrosamines 
diphenylnitrosamine, les N-methylphenylnitrosamines qui aient été actifs. L’effet des methyl- 
phenylnitrosamines dans la lumiére acridine orange et son systéme a été comparé a celui du 
cupferron. On a établi que l’oxygéne contrecarrait les effets de ces deux phenylnitrosamines. 
L’effet des methylphenylnitrosamines était indépendant du pH de la solution du traitement, 
cependant que Il’effet du cupferron diminuait quand le pH de la solution de traitement aug- 
mentait. La nature et le mode d’action des agents actifs reste discuté. 

L’oxyde nitrique et le cupferron n’ont pas été 4 méme de remplacer l’oxygéne dans l’inactiva- 
tion photodynamique du coliphage T3 en présence de l’acridine orange. 


Zusammenfassung—<Achtundzwanzig verschiedene Agenzien wurden, um ihre Fahigkeit 
geprifth, die Erzeugung von Chromosomenaberrationen in den Wurzelspitzen der Vicia 
faba vermittels des Licht-Akridin-Orange-Systems zu aktivieren. Von diesen Agenzien 
waren nur Natriumnitrit und die Phenylnitrosamine Diphenylnitrosamin und 
N-Methylphenylnitrosamin aktiv. Die Wirkung von Methylphenylnitrosamin im _Licht- 
Akridin-Orange-System wurde mit der von Kupferron verglichen. Es stellte sich heraus, dass 
Sauerstoff dem Effekt der beiden Phenylnitrosamine entgegenwirkte. Die Wirkung des 
Methylphenylnitrosamins war unabhangig vom pH der Behandlungslésung, dagegen zeigte die 
Wirkung von Kupferron mit steigendem pH. Dir eine Art und Weise der Wirkung von 
Wirkstoffen ist besprochen. 

Stickstoffoxyd und Kupferron konnten den Sauerstoff bei der photodynamischen Inak- 
tivierung der Coliphage T3 bei Anwesenheit von Akridin-Orange nicht ersetzen. 


*This investigation was supported by a grant from the Swedish Natural Science Research Council. 
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CYTOLOGICAL EFFECTS OF PHENYLNITROSAMINES—I 


INTRODUCTION 


IN PREVIOUS experiments, ‘* ® structural 


chromosome changes were obtained when 
acridine orange pretreated root-tips of the broad 
bean, Vicia faba, were exposed to visible light 
in the presence of oxygen, nitric oxide, or cup- 
ferron (the ammonium salt of N-nitrosophenyl- 


hydroxylamine). Acridine orange was chosen 


as the photosensitizer because of tts known 
capacity to combine with nucleic acids. ® * 
Only 
orange, i.e., light of wavelengths from 4000 to 
5400 A, proved to be effective. The radiomi- 
metic effect obtained in these experiments with 
no structural 


such light as is absorbed by acridine 


light was of the delayed type, L.e., 
chromosome changes were obtained during the 
first 8 hours after the treatment. The maximum 
effect occurred 24-28 hr after the treat- 
ment. All the aberrations obtained were of the 
chromatid type. 

The results of some typical experiments are 
shown in Table |. 

In the cases of oxygen and cupferron, very 
few if any aberrations were produced in the 
absence of light and acridine orange. All three 
photosensitizer (acridine 


factors, i.e., light, 


orange), and activating substance (oxygen or 
cupferron) had to be present simultaneously if a 
significant effect were to be obtained. Nitric 


oxide, on the other hand, produced chromo- 


Table |. 


somal aberrations in the absence of light or 
acridine orange, but the frequency of aberra- 
tions was always much higher when all three 
factors were present simultaneously. In  sub- 
sequent experiments'*) the radiomimetic effect 
of nitric oxide alone was, in exceptional cases, 
strong enough to obscure the effect of this gas 
in the light-acridine orange system. The toxic 
effect of nitric oxide was always very much 
stronger in the presence than in the absence of 
the system. No. toxic 
effect the light-acridine 
orange system in the absence of an activating 


light-acridine orange 


was obtained with 
substance. 

When oxygen was used as an activating sub- 
stance in the light-acridine orange system, a 
strong toxic effect was also obtained. No toxic 
effect was produced by any of the factors alone. 
The toxic effect resulted in blackening, bending, 
and sometimes, killing of the roots. The bending 
could to some extent be avoided by exposing the 
roots to the same amount of light from all sides. 

Because of the radiomimetic effect of nitric 
oxide and of the toxic effects of nitric oxide and 
oxygen in combination with light and acridine 
orange, these gases are less suitable as activating 
substances in the light-acridine orange system 
than is cupferron. The latter compound has no 
radiomimetic effect in the absence of oxygen 
and is less toxic in combination with light and 


The induction of chromosomal aberrations in Vicia faba by visible light-acridine orange in the presence of oxygen, 


nitric oxide or cupferron 


Pretreatment 
with 
acridine orange 

(+ or 


Active chemical present 
(conc. } 


Oxygen (1300 uM 
24 uM 


Nitric oxide 


Cupferron (400 uM) 


Isolocus breaks 
and exchanges 
per 
100 cells 


Abnormal 
Illumination metaphases 
(per cent 


22 


( 
( 


43 
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acridine orange than are oxygen and _ nitric 
oxide. It should be pointed out, however, that 
in the case of cupferron too, the toxic effect is 


stronger in the presence than in the absence of 


the light-acridine system. 

The function of the dye acridine orange in 
connection with the production of chromosomal 
aberrations by visible light, is obviously to 
absorb light energy. The energy absorbed is 
probably then transferred to compounds in the 
cell which are combined or in contact with the 
dye, i.e., compounds such as nucleic acids, in 
which excited states and free radicals may be 
produced. 


It is more difficult to understand the role of 


the activating substances, e.g., oxygen, nitric 
oxide, and cupferron. It has been suggested ® 
that oxygen and nitric oxide, being para- 
magnetic substances, may influence the lifetime 
of excited states which the light-acridine orange 


system has produced in the cell. The effect of 


the two gases may also be due to their ability to 
react with organic radicals. According to 
Howarpb-F LANDERS”) the ability of oxygen and 
nitric oxide to enhance X-ray sensitivity may 
be due to their affinity for organic radicals. 
Cupferron, finally, may be active in the light- 
acridine orange system due to its possible 
decomposition to yield nitric oxide and or other 
free radicals. 

The experiments described below’ were 
designed to investigate further the roles of the 
activating substances, particularly that of cup- 
ferron, in the light-acridine orange system. 


MATERIALS AND METHODS 


In the experiments with the broad bean, 
Vicia faba (Carter’s ‘‘Seville Longpod’’) lateral 
roots were used. The seedlings were grown as 
described previously.“® The experimental pro- 
cedures were essentially the same as those used 
in previous studies. ‘* ® Before the roots were 
exposed to light, they were treated for 20 hr 
with 4x10-® M acridine orange and then 
washed in tap water for 2 hr. The roots were 
illuminated from two sides with Philips ‘Attra- 
lux’ lamps, type 13378E/44, 24 V, 150 W, for a 
period of 30 min, the distance between the 
lamps and the roots being 16 cm. During the 
treatments the seedlings were in Lucite vessels,” 


with their roots immersed in M/150 phosphate 
buffer solutions. The vessels were placed in a 
glass walled water bath in order to keep the 
temperature between 13 and 15°C during the 
illumination. The roots were exposed to the 
chemicals tested for a period of 15 min before 
as well as during the period of illumination. 
Thus, the total time of the chemical treatment 
was 45 min. During this whole period the desired 
gas or gas-mixture, usually oxygen-free nitro- 
gen,* was bubbled through the treatment 
solution. 

When the treatment was finished the vessels 
were opened in the dark and the seedlings 
removed, thoroughly washed with running tap 
water, and then transferred to tubes containing 
tap water. During the recovery period the 
seedlings were kept in the dark at 19°C. 

Twenty-six hours after the treatment the 
root-tips were fixed in alcohol-acetic acid, 
3:1. Before fixation the roots were immersed for 
4 hr in 0-05 per cent colchicine. The slides were 
prepared as Feulgen-squashes and made perma- 
nent according to the dry-ice method.” For 
each treatment a total of 100 metaphase cells 
from 4 root-tips were analysed. 

In the experiments with Escherichia coli phage 
T3 a suspension containing 0-5 ml of phage 
culture, | ml of acridine orange solution 
(10-4M) and 3-5 ml of a salt solution was used. 
The salt solution contained 0-83°, sodium 
chloride and 0-36°,, magnesium sulphate, and 
the solution was buffered to pH 7 with sodium 
and potassium phosphate. This suspension was 
exposed to light for 10 min in the presence of 
various oxygen concentrations under 
anaerobic conditions in the presence and 
absence of cupferron or nitric oxide. During 
the treatment the suspension was in a glass 
vessel, the bottom of which was a sintered glass 
filter. The vessel was placed in a glass walled 
water bath in order to keep the temperature at 
about 15°C during the illumination, which was 
provided on two sides with Philips ‘Attralux’ 
lamps, placed at a distance of 16 cm from the 
centre of the vessel. The desired gas was bubbled 
through the suspension during the whole period 

*“Oxygen-free nitrogen’, containing less than 
10 p.p.m. of oxygen was obtained from the British 
Oxygen Co. Ltd. 
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of treatment. After the treatment the suspension 
was diluted and tested for activity according to 
the agar layer method.) 


RESULTS 

In Table 2 twenty-eight agents are listed 
which were tested for their ability to activate the 
light-acridine orange system. The agents in- 
cluded paramagnetic salts, chelating agents, 
breaking 
respiratory inhibitors, agents which 
to ScHeNCK ef al.“ are radical 
potassium _nitrosodisulphonate, 


nitroso-compounds, chromosome 
agents, 
according 
scavengers, 
dimethylaniline, and the salts sodium nitrite 
and sodium bisulphite. 

Of these agents, only sodium nitrite and the 


diphenylnitrosamine and 


nitroso-compounds 


Table 


CYTOLOGICAL EFFECTS OF PHENYLNITROSAMINES 


List of agents tested for their ability to activate the light-acridine orange system in Vicia faba 


were 
one 


N-methylphenylnitrosamine (MPNA) 
active. A weak effect obtained in 
experiment with g-nitroso-$-naphtol. Since no 
aberrations were found when this experiment 
was repeated twice, the ability of a-nitroso- 
6-naphtol to activate the light-acridine orange 
system is regarded as doubtful. 

Table 3 shows the results of some typical 
experiments on Vicia faba with the three com- 
pounds found to be active. Sodium nitrite pro- 
duced a weak but consistent effect in the presence 
of light and acridine orange. No aberrations 
were found in the controls. Dipheny|nitrosamine 
and MPNA were also active only in the presence 
of both acridine orange and light. The experi- 
ments with diphenylnitrosamine were difficult 
because of its slight solubility in water. On a 


was 


\gent 


Character 


Ability to 


activate the Highest 
light-acridine concentration 
orange system tested 
(+ or — (uM 


Cobalt (II) chloride | Paramagnetic 1000 
Manganese (II) chloride | salts 10000 
Ethylenediaminetetra-acetate 1000 
Sodium diethyldithiocarbamate | Chelating 4000 
8-Hydroxyquinoline agents 500 
a-Nitroso- -naphtol 500 
j-Nitroso-a-naphtol 500 
Nitrosobenzene 150 
Dimethylnitrosamine Nitroso - 2000 
Diethylnitrosamine 1000 
Diphenylnitrosamine +40 
N-Methylphenylnitrosamine 1000 
N-Nitroso-N-methylurethan _) Chromosome- - 100 
Nitrogen mustard | breaking 5 
Maleic hydrazide agents 200 
8-Ethoxycaffeine | 10000 
X-rays 

Potassium cyanide J >) Respiratory 1000 
Sodium azide inhibitors 200 
Carbon monoxide J 1000 
|.2-Naphtaquinone 200 
h-Benzoquinone Radical 500 
Acrylonitrile 1000 
Iodine 500 
Potassium nitrosodisulphonate Radical ion 5000 
Sodium nitrite 20000 
Sodium bisulphite + Miscellaneous 10000 
Dimethylaniline +00 
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The induction of chromosomal aberrations in Vicia faba by visible light-acridine orange in the presence of sodium 
nitrite, N-methylphenylnitrosamine or diphenylnitrosamine 


pH of ment 
Active chemical Concen- treat- with 
present tration ment acridine 
uM solution orange 
( or 
10,000 7°5 
Sodiuin nitrite 10,000 7°5 
10,000 7°5 
N-Methylphenyl- 400 5-8 
nitrosamine 400 5-8 
100 5-8 
Diphenyl- +0 7°5 
nitrosamine 40 7°5 
40 


Pretreat- 


Aberrations 
per 100 cells 


Abnormal 
Illumina- metapha- 


tion ses 
I II 
Isolocus Ex- I+II 
or (percent) breaks changes 
13 9 9 18 
0 0 0 0 
0 0 0 0 
31 17 26 $3 
l 0 | 
l 0 
17 1] 28 
0 0 0 


molar basis, diphenylnitrosamine was the most 
active of the tested. MPNA is 
more soluble in water than diphenylnitrosamine. 
The effect obtained with the former nitrosamine 
in the experiments with light was not quite as 
strong as that produced by the same concen- 
trations of cupferron, and did not increase in 
proportion to the concentration of MPNA. 
Table 4 shows the influence of the pH of the 
treatment solution on the effects of the three 
nitrosamines found to be active in the light- 
acridine orange system. MPNA and diphenyl- 
nitrosamine were as effective at pH 7-5 as at 
pH 5-8. In the case of cupferron, on the other 
hand, the concentration at pH 7-5 had to be 
increased ten times in order to obtain the same 
effect as that found at pH 5-8. The reason why 
the effects of MPNA and diphenylnitrosamine 
are independent of the pH of the treatment 
solution is probably that, in contrast to cup- 
ferron, they are neutral compounds. Cupferron 
is the ammonium salt of the acid N-nitroso- 
phenylhydroxylamine, and it may well be that 
the undissociated molecule penetrates the 
plasma membrane more easily. This would 
explain why a stronger effect is obtained at low 
pH. On the basis of the cupferron experiments 
it was somewhat surprising that it was not 
possible to increase the effect of sodium nitrite 


nitrosamines 


by decreasing the pH of the _ treatment 
solution. 

It has previously been found” that cupferron 
in the light-acridine orange system was most 
effective under anaerobic conditions. When the 
gas phase was air, the effect obtained in the 
presence of cupferron was not stronger than 
that obtained in its absence. 

Table 5 shows how the effects of cupferron 
and MPNA in the light-acridine orange system 
were influenced by oxygen. It is evident that the 
effect of MPNA antagonized by 
oxygen. 

Finally, some preliminary studies have been 
performed on the effects of oxygen, nitric oxide, 
and cupferron on the inactivation of coliphage 
T3 in the presence of light and acridine orange. 
The results of some of these experiments are 
shown in Table 6. It is evident that a consider- 
able inactivation was obtained when oxygen- 
free nitrogen was bubbled through the suspen- 
sion. The inactivation produced in the presence 
of | per cent oxygen was much stronger, how- 
ever. When oxygen was replaced by nitric oxide 
or by cupferron, less inactivation was obtained 
than in the treatments where oxygen-free nitro- 
gen was bubbled through the suspension. ‘Thus, 
cupferron and nitric oxide appeared to have a 
protective effect in these experiments. 
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10 CYTOLOGICAL EFFECTS OF PHENYLNITROSAMINES—I 


Table 4. The effect of the pH of the treatment solution on the production in Vicia faba of chromosomal aberrations by 
visible light-acritine orange in the presence of various phenylnitrosamines 


Abnormal Aberrations per 100 cells 
Phenylnitrosamine present Concen- pH metapha- 
tration of ses I Il 
treatment Isolocus Exchanges I+II 
uM solution per cent breaks 


400 


5 
Cupterron 400 7°5 2 2 2 
LOOO 7°5 +O 52 18 70 


N-Methylphenyl- 1000 5-8 3 20 18 38 
nitrosamine 1000 7°5 2 19 14 33 


Diphenylnitrosamine ~ 40 


Table 5. The effect of oxygen concentration on the production of chromosomal aberrations in Vicia taba by visible light- 
acridine orange in the presence of N-methyl-phenylnitrosamine or cupferron 


Aberrations per 100 cells 


Concentra- pH of Oxygen Abnormal 
Phenylnitrosamine tion treatment concentra- meta- I II 
present uM solution tion phases Isolocus Exchanges I+I11 
uM breaks 


N-Methyl- 500 5-8 0 32 
phenylnitrosamine 500 5-8 70 14 12 3 15 


400 5 33 : 
Cuplerron 400 5-8 150 1 
4000 7:8 0 42 7 24 6! 
4000 7 5 ai 7 37 


lable 6. The effect of oxygen, cupferron and nitric oxide on the photodynamic inactivation of coliphage T 3 


Number of 
‘Treatment survivors 
per ml 


15 min Ng, dark 5-8 = 10° 
5 min N,, dark/10 min N,, light 3-3 «x 108 
5 min No, dark/10 min 1°, O, +99°4 Nog, light 6-1 = 108 
5 min Ny, 1000 uM cupferron dark/10 min N,, 1000 uM cupferron, light 6-0 = 108 
7 min N,, dark/3 min 5°, NO+95°, Ng, dark/10 min 5°, NO+ 95°, No, light 9-3 « 107 


DISCUSSION ability to inhibit respiration efliciently.2® In the 
The effect of cupferron on X-ray sensitivity light-acridine orange system, however, the 
at low oxygen tensions is apparently due to its effect of cupferron cannot be due to its ability 
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to inhibit respiration, since in this system cup- 
ferron is most ellicient under anaerobic con- 
ditions. This conclusion is supported by the fact 
that the other respiratory inhibitors tested, i.e., 
sodium azide, potassium cyanide, and carbon 
monoxide, did not activate the light-acridine 
orange system. 

The experiments described above have also 
shown that the effect of cupferron in the light- 
acridine orange system has nothing to do with 
its chelating properties. All the chelating agents 
tested (with the possible exception of a@-nitroso- 
8-naphtol) were inactive. 

The agents found to be active, N-methyl- 
phenylnitrosamine (MPNA),  diphenylnitro- 
samine, and sodium nitrite, are neither respira- 
tory inhibitors nor chelating agents. MPNA, 
diphenylnitrosamine, and cupferron are all 
phenylnitrosamines of the general structure: 


Y where XY is a_ methyl-, 
| 


—/ 
phenyl-, or hydroxyl-group. The fact that 
dimethylnitrosamine and_ diethylnitrosamine 
were found to be inactive, indicates that 
the phenyl-group is significant for the effect. The 
significance of the NO-group appears from the 
fact that when the NO-group in methylpheny]- 
nitrosamine was replaced by a methyl-group, an 
inactive compound (dimethylaniline) was 
formed. Like cupferron, MPNA, diphenyl- 
nitrosamine, and sodium nitrite can be decom- 
posed to yield nitric oxide. Phenylnitrosamines 
are known to give off nitric oxide quantitatively 
when heated to 130°C," and they have been 


used in the production of this gas. In the case of 


sodium nitrite, NO could be formed inside the 
cells according to the reaction: 3 HNO,— 
HNO, +2 NO+H,O. This reaction is known 
to be increased by light.“ Thus, the experi- 
mental results support the idea that cupferron 
is active in the light-acridine orange system 
because it functions as a source of nitric oxide. 
It may be that the light energy absorbed by 


acridine orange can be used for the cleavage of 


the N-NO bond in the phenylnitrosamines. 
When phenylnitrosamines are the activating 
substances, the light-acridine orange system 
would thus have two functions: (1) to cause a 
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cleavage of the N-NO bond in the pheny!l- 
nitrosamines, and (2) to induce excited states 
and/or free radicals in chromosome precursors 
or constituents. 

The antagonism found between oxygen and 
the phenylnitrosamines in the light-acridine 
orange system also supports the hypothesis that 
nitric oxide is formed. Nitric oxide combines 
rapidly with oxygen to form NO,, which hydro- 
lyses in water. 

Thus, the experimental results indicate that 
there are only two active compounds in the 
light-acridine orange system: oxygen and 
nitric oxide, i.e., the same agents which have 
been found to be able to enhance X-ray sensi- 
tivity.“ How then is the effect of oxygen and 
nitric oxide in the light-acridine orange system 
to be explained ? 

The results described above have not given 
any support for either of the two_ possible 
explanations mentioned in the introduction, 
l.e., paramagnetic quenching and reaction with 
organic radicals. However, since the para- 
magnetic agents, radicals and radical scavengers, 
tested are chemically very different from oxygen 
and nitric oxide, neither of the two hypotheses 
can be excluded on the basis of the results 
obtained. 

At present the working hypothesis is that the 
effect of oxygen and NO in the light experi- 
ments, as in the X-ray experiments, is due to 
their reaction with radicals produced in the 
cell by the radiation. However, a difference 
between the effect of visible light and the effect 
of X-rays is that the former is delayed, i.e., the 
structural chromosomal changes produced in 
Vicia faba root-tips do not begin to appear in 
metaphase until about 8 hr after the treat- 
ment. As always seems to be the case when the 
effect is delayed, the aberrations are exclusively 
of the chromatid type. As a matter of fact, the 
effect of the light-acridine orange system is very 
similar to that obtained after treatments with 
most radiomimetic chemicals. In contrast, the 
effect of X-rays is not delayed, i.e., chromosomal 
aberrations appear about two hours after the 
irradiation and the aberrations are of chromatid 
or chromosome type, depending on which stage 
of the mitotic cycle the cells were irradiated. 
The explanation for this difference between the 
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effects of visible light and X-rays could be that 


the effect of visible light is, in contrast to that of 


X-rays, dependent on the localization and mode 
of reaction of the sensitizing substance, the 
acridine orange. 

There is a question which arises in connection 
with the studies on the production of chromo- 
somal aberrations by visible light, namely, are 
nitric oxide and the phenylnitrosamines able to 
replace oxygen in other photodynamic systems. 
The increase of the toxic effects on root-tips, 
which is obtained both when oxygen and when 
nitric oxide or cupferron are present together 
with light and acridine orange, indicates that 
nitric oxide and cupferron can replace oxygen 
in the photodynamic killing of roots. Pre- 
liminary studies on the effects of oxygen, cup- 


ferron, and nitric oxide on the inactivation of 


of light and 
that 
oxide and cupferron cannot replace oxygen in 


coliphage T3 in the presence 


acridine orange show, however, nitric 


this system. The photodynamic inactivation of 


coliphage T3 in the presence of acridine orange 


has previously been studied by YAMAmoro,* 


The fact that the effect of this system is very 
strongly influenced by oxygen, appeared from 
the strong inactivation obtained when a gas- 
per 
through the suspension 


mixture containing | cent oxygen was 
bubbled Table 6 

Because of this strong effect of low oxygen con- 
the obtained when 
oxygen-free nitrogen was bubbled through the 


centrations, inactivation 
suspension may be due to an incomplete removal 
of oxygen by the experimental procedures used. 
When 5°, nitric oxide was bubbled through the 
suspension, or when the suspension contained 
cupterron, no increase of the inactivation was 
obtained. On the contrary, cupferron and nitric 
oxide appeared to have a protective effect. 
If the inactivation obtained when oxygen-free 
nitrogen was bubbled through the suspension 
was due to traces of oxygen still present, the 
protective effects of nitric oxide and cupferron 
could be due to the removal of oxygen by these 
agents. Whatever the explanation for the 
protective effect may be, the phage studies 
have shown that cupferron and nitric oxide are 
unable to replace oxygen as enhancers of the 
photodynamic inactivation of coliphage T3. 


Thus, the equivalence of oxygen, nitric oxide, 
and cupferron is not valid for all photodynamic 
systems. 
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Abstract—A number of nitrosamines and structurally or functionally related agents were 
tested for their ability to produce chromosomal aberrations in the root-tips of Vicia faba. Ot 
these agents only cupferron, N-methylphenylnitrosamine (MPNA), and nitric oxide were 


active. 

The radiomimetic effect of MMPNA was studied more in detail and compared with that of 
cupferron. MPNA had a delayed effect. The aberrations, which were exclusively of the 
chromatid type, tended to be localized into heterochromatic parts of the chromosomes, but 
were rather evenly distributed between the chromosomes. [n contrast to the effect of cupferron, 
the radiomimetic effect of MPNA was independent of the pH and the temperature of the 
treatment solution. Both MPNA and cupferron were almost inactive in the absence of oxygen 
but, whereas the effect of cupferron was independent of oxygen concentrations between | and 
100 per cent, that of MPNA increased along with the oxygen concentration up to 100 per cent. 
The radiomimetic effect of MPNA was suppressed by agents reacting with heavy metals (sodium 
azide, cupferron), but was not significantly affected by the uncoupling agent 2.4-dinitro- 


phenol. 
It was concluded that the active agent is not the phenylnitrosamine fer se, but some decom- 


position product formed in the presence of oxygen and a heavy metal containing enzyme. 


Résumé— Un certain nombre de nitrosamines et d’agents similaires en structure et fonction 
ont été éprouvés pour leur habilité 4 produire des aberrations de chromosomes dans les pointes 
des racins du Vicia faba. Sur ces agents, seuls étaient actifs les cupferron, N-methylphenyl- 
nitrosamines (MPNA) et loxyde nitrique. 

L’effet radiomimetrique du MPNA a été étudié plus en détails et comparé a celui du cup- 
ferron. La MPNA posséde un effet retardé. Les aberrations qui étaient exclusivement du type 
chromatide tendirent a se localiser en parties hétérochromatiques de chromosomes, mais 
étaient distribués a parts égales entre les chromosomes. Par opposition a l’effet du cupferron, 
effet radiomimetrique du MPNA était indépendant du pH et de la température de la 
solution du traitement. Tous deux, MPNA et cupferron étaient généralement inactifs en 
l’absence d’oxygéne, mais alors que l’effet du cupferron était indépendant de la concentration 
en oxygéne entre | et 100 pour cent, celui du MPNA augmentait proportionnellement a la 
concentration de l’oxygéne allant vers 100 pour cent. L’effet radiomimétrique du MPNA était 
ralenti chez des agents réagissant avec des métaux lourds (sodium azide, cupferron), mais n’a pas 
été affecté d’une facon significative par l’agent dissociateur 2.4-dinitrophenol. 

On en conclut que l’agent actif n’est pas le phenylnitrosamine fer se, mais le produit de 
décomposition formé par la présence d’oxygéne et un métal lourd contenant un enzyme. 


Zusammenfassung—Eine Anzahl von Nitrosaminen und _ strukturell oder funktionell 
verwandten Agenzien wurden auf ihre Fahigkeit hin, Chromosomenabweichungen in der 
Wurzelspitze der Vicia faba zu erzeugen, gepriift. Von diesen Agenzien waren nur Kupferron, 
N-Methylphenylnitros amin (MPNA) und Stickstoffoxyd aktiv. 

Die radiomimetische Wirkung von MPNA wurde eingehender untersucht und mit der von 


*This investigation was supported by a grant from the Swedish Natural Science Research Council. 
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Kupferron verglichen. MPNA hatte eine verzégernde Wirkung. Die Aberrationen, die 
ausschliesslich chromatiden umfassten, neigten zur Lokalisierung in heterochromatische Teile 
der Chromosome, waren aber ziemlich gleichmassig zwischen den Chromosomen verteilt. Im 
Gegensatz zur Wirkung von Kupferron war die radiomimetische Wirkung von MPNA vom 
pH und von der Temperatur der Behandlungslésung unabhangig. Sowohl MPNA wie 
Kupferron waren bei dem SauerstofI-mongel fast inaktiv, aber wahrend der Effekt von Kup- 
ferron von Sauerstoff in Konzentrationen zwischen | und 10) Prozent unabhangig war,erh6éhte 


MPNA mit bis zu 100 
radiomimetische Effekt MPNA 
Natriumazid, Kupferron 
2,4-Dinitrophenol beeinflusst. 


sich der von 
von 


Agenzien 


Prozent 
wurde durch die mit 
unterdrickt, wurde aber nicht 


Sauerstoff-Konzentration. Der 
reagierende 


steigender 
Schwermetallen 


wesentlich von dem 


Es wurde gefolgert, dass nicht Phenylnitrosamin fer se das aktive Agens ist, sondern 


irgendein Spaltprodukt, sich in 


Anwesenheit 


von Sauerstoff und eines einen 


Schwermetall enthaltenden Enzymes gebildet wird. 


INTRODUCTION 


THE  radiomimetic chromosome-breaking 
effect of cupferron was discovered in connection 
with a study of the cytological effects of cyanide 
and other heavy metal complexing agents in 
Vicia faba. Subsequent, more detailed, studies’ 
showed that the effect of cup- 
ferron was strongly influenced by the pH and 
temperature of the treatment The 
effect was enhanced by high temperature and 


radiomimetic 
solution. 


low pH. Since cupferron is the ammonium salt 
of N-nitrosophenylhydroxylamine, the explana- 
tion for the influence of hydrogen ion concen- 
tration on the radiomimetic effect may be that 
the undissociated molecule penetrates the 
plasma membrane more easily. Between | and 
100 per cent oxygen in the gas phase, the radio- 
mimetic effect of cupferron was not markedly 
variations the 


influenced — by oxygen 


concentration. In_ the absence 


of oxygen cupferron appeared to be inactive. 


complete 


The experiments further showed that the same 


factors which favour the radiomimetic effect of 


cupferron, i.e. high temperature and low pH, 
also enhanced the toxic effect of this compound. 
For that reason, in cupferron experiments a high 
frequency of chromosomal aberrations was 
always found to be combined with a strong toxic 
effect. 

It had been suggested that cupferron, a 
chelating agent, produces chromosomal aberra- 
from the 
chromosomes. The metals were believed to occur 
stabilizing factors. 


tions by removing heavy metals 


in the chromosomes as 
Another possibility considered was that the 
radiomimetic effect of cupferron is a result of its 


inhibitory action on cytochrome oxidase and on 
peroxide destroying enzymes. According to 
this hypothesis, chromosomal aberrations are 
produced by peroxides which should accumulate 
in the root-tip cells as a result of the enzyme 
inhibition. This hypothesis had previously been 
suggested by Litty and THopay"®) as anexplana- 
tion for the radiomimetic effect of potassium 
cyanide. The results of the studies reported 
indicate, that the chemical 
properties responsible for the radiomimetic 
effect of cupferron may be the same as those 
responsible for its activity in the visible light- 


below however, 


acridine orange system.‘ In these studies a 
number of agents related structurally or func- 
tionally to cupferron were tested for their ability 


to produce chromosomal aberrations, and the 
effects compared with that of cupferron. 


MATERIALS AND METHODS 
Lateral roots of the broad bean, Vicia faba 
Carter’s “Seville Longpod”’), were used as 
experimental material. The chemicals tested 
were dissolved in M/150 or M/60 phosphate 
buffer solutions. In experiments where the gas 
phase was air, the roots were treated in open 
tubes containing about 40 ml of solution. When 
the gas phase contained oxygen and nitrogen in 
other proportions than those occurring in air, 
the treatments were performed in Lucite vessels 
of the type described previously.“ The desired 
gas mixture was bubbled through the solution 

during the whole period of treatment. 
When the treatments were finished, the roots 
were washed thoroughly, and the seedlings 
transferred to open tubes containing tap water. 


V Ulie 
7} 
1961 
‘ 


B. 


\. KIHLMAN 


$5 


During the recovery period, the seedlings were 
kept in the dark at 19°C, 

Unless stated otherwise, the root-tips were 
26 hr after 
the treatment. Before fixation the roots were 


fixed (in alcohol-acetic acid, 3 : | 


treated for 4 hr with 0-05 per cent colchicine. 
The slides were prepared and analysed as 
described in the first paper in this series.‘ 


RESULTS 
In the light-acridine 


activity of cupferron appears to have nothing 


orange system, the 


to do with its inhibitory effect on respiration or 
with its chelating properties.“ The configuration 
necessary for activity in this system was found 


to be: 
/ \ -N-NO. The same configuration 


xX 

appears also to be necessary for the radiomimetic 
effect. N-Methylphenylnitrosamine proved to 
have a effect, whereas 
diethylnitrosamine and 
dimethylaniline were inactive. It is true that no 


strong radiomimetic 
dimethylnitrosamine, 
found after 
treatments with diphenylnitrosamine, but since 


chromosomal aberrations were 
it has not been possible to test this nitrosamine 
in higher concentrations than about 40 uM 


because of its slight solubility in water, the 


results are not significant. In Table | the radio- 


mimetic activities of nitrosamines and 


other agents are compared with their ability to 


some 


activate the light-acridine orange system. 
Fig. 1 shows the percentages of abnormal 
anaphases and the mitotic activity (relative 


observed at various times after 
treatments with N-methylphenylnitrosamine 


MPNA). The effect of MPNA, like that of 


most radiomimetic agents, is delayed, i.e. very 


to control 


few aberrations are obtained during the first 
6-8 hr after the treatment. In this experiment, 
the results of which are shown in Fig. 1, the 
maximum effect occurred 12 hr after the treat- 
ment. Usually the maximum effect was obtained 
between 12 and 28 hr after MPNA treatments. 
MPNA was found to be much less toxic than 
cupferron and the mitotic inhibition produced 
by MPNA was not very pronounced. 

The aberrations obtained after MPNA treat- 
ments were exclusively of the chromatid type. 
Although the aberrations tended to be localized 
in heterochromatin, they were rather evenly 
the chromosomes. The 
in the root-tips of 


distributed between 
chromosome complement 
Vicia faba consists of 5 pairs of chromosomes with 
subterminal centromeres (.8-chromosomes) and 
one pair with median centromeres (.//-chromo- 


somes). An A\/-chromosome is about twice as 
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Fic. |. The percentages of abnormal anaphases (A 


and the mitotic inhibition (B) 


various times after | hr treatments with 500uM N-methylphenylnitrosamine at 20°C. Gas 


phase: air. 
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Table 1. Comparison between the radiomimetic effects of various agents at 20°C and their ability to activate the light-acridine 
orange system. The gas phase was air in all cases except for oxygen and nitric oxide, the last of which was mixed with nitrogen 


Chemical Radiomimetic effect 


Cupferron 
N-Methylphenylnitrosamine 
Diphenylnitrosamine 


Ability to activate the 
light-acridine orange 
system 
or 


40 uM, 2 hr 


Dimethylnitrosamine 1000 uM, 2 hr 2000 uM 
Diethylnitrosamine 1000 uM, 2 hr 2000 uM 
Dimethylaniline (1000 uM, 2 hr 400 uM 
Sodium nitrite 1000 uM, pH 5-8, 2 hr 

(~ 10000 uM. pH 7:5, 2 hr) 


Oxygen 
Nitric oxide 


1300 uM, 8 hr 


long as an S-chromosome, the ratio of the total 
metaphase lengths of the $-chromosomes and the 
M-chromosomes being 2:2 : 1.4%) Thus, if breaks 
occurred at random, the ratio of the total 
number of breaks in S$-chromosomes and in 
M-chromosomes would be 2:2: 1. Of 838 
breaks induced by MPNA, 627 were in S- 
chromosomes and 211 in .W-chromosomes, 
which gives a ratio of S:\J/=2-97 : 1. 
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Fic. 2. The radiomimetic effect produced by 1 hr 
treatments with various concentrations of N-methyl- 
»henylnitrosamine at 20° C. Gas phase: air. 
) 


Fig. 2 shows the frequencies of aberrations per 
100 cells produced by | hr treatments with 
various concentrations of MPNA. The radio- 
mimetic effect of MPNA did not increase 
linearly with the concentration. When the 
MPNA concentration was below 100 uM, | hr 
treatments did not produce any effect. A strong 
increase in effect was obtained between 250 
and 500 uM. Above 500 uM, the increase of the 
effect produced by an increase of the MPNA 
concentration became less marked. Similar 
results were obtained when the dose was in- 
creased by prolonging the period of treatment 
instead of by increasing the concentration. In 
some experiments with 1000 uM MPNA, the 
same effect was obtained after 2 hr treatments as 
after | hr treatments. It was also found that 


the same dosages of MPNA produced effects of 


decreasing magnitudes in successive experiments. 
This could be due to a change in MPNA with 
time. 


Table 2 shows the radiomimetic effects of 


MPNA and cupferron at various hydrogen ion 
concentrations. It appears from the table that 
the effect of MPNA, in contrast to that of cup- 
ferron, was not influenced by the pH of the 
treatment solution. 

Table 3 shows how the radiomimetic effects 
of MPNA and cupferron were influenced by the 
temperature of the treatment solution. Whereas 
the effect of cupferron increased strongly with 
the temperature, the effect of MPNA appears to 
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Table 2. The influence of hydrogen ion concentration on the radiomimetic effects of N-methylphenylnitrosamine and cupferron 
at 20°C. Gas phase: air 


Chemical Dura- Aberrations per 100 cells 
pH of tion Dura- Abnor- 
Concen- treat- of tion mal I I] 
Name tration ment treat- of meta- Iso- Ex- I+I! 
solution ment recovery phases locus changes 
uM (hr hr (percent breaks 
N-Methylphenyl- 1000 5:8 = 26 37 43 17 60 
nitrosamine 1000 7-4 2 26 43 15 15 60 


Cupferron 1000 6°: 
1000 7: 


ou 


Table 3. The influence of the temperature during treatment on the radiomimetic effect of N-methylphenylnitrosamine and 
cupferron. Gas phase: air 


Chemical Dura- Aberrations per 100 cells 
Treat- | pH of tion Dura-  Abnor- - 
Concen- ment treat- of tion mal I II 
Name tration temper- ment treat- of meta- Iso- Ex- I+II 
ature solution recovery phases locus changes 
uM C (hr hr (percent breaks 
N-methylpheny!l- 1000 5 58 2 26 25 25 7 32 
nitrosamine 1000 15 5:8 2 26 29 24 20 +4 
1000 25 58 2 26 27 21 21 42 
1000 4-7 6-4 5 30 0 0 0 0 
Cupfterron 1000 16 6-4 5 30 1] 9 3 12 
1000 25 6-4 5 30 21 13 1] 24 


Table 4. The influence of sodium azide (NaN) cupferron, and 2-4-dinitrophenol (DNP) on the radiomimetic effect of 


1000 uM N-methylphenylnitrosamine (MPNA) at 20°C. Gas phase: air 


Concentration of inhibitor Dura- Isolocus 
during MPNA-treatment tion Dura-  Abnor- breaks 
—__- of tion mal 
Pretreatment MPNA of meta- | exchanges 
NaN; Cup- DNP treat- recovery phases per 
ferron ment 100 cells 
(uM (uM) (uM (hr) (hr (per cent 
500 uM NaN,, 2 hr, 20°C 10 — 2 26 15 be 
500 uM 2 hr, 2 5 


Ps 
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200 uM DNP, } hr, 20°C oe ss 200 I 25 15 19 tahoe 
200 uM DNP, } hr, 20°C 200 34 13 17 
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OXYGEN CONCENTRATION IN THE GAS PHASE,PER CENT 


3. 


The influence of oxygen concentration on the radiomimetic effect of | hr treat- 


ments with 1000 uM N-methylphenylnitrosamine at 20°C. 


be almost independent of the temperature 
during the treatment. 
MPNA, like cupferron, appears to be inactive 


in the absence of oxygen. But whereas the effect 


of cupferron has been found to be almost 


independent of oxygen concentration between 
| and 100 per cent, the effect of MPNA in- 
creased with oxygen concentration up to 100 
per cent oxygen (Fig. 3). The oxygen concentra- 
tion-effect curve obtained for MPNA is very 
similar to that previously obtained for potassium 
cyanide. (Other similarities between MPNA 
and potassium cyanide are that the effect in 
both cases does not increase linerarly with the 
dose and that it is independent of temperature. ) 


Table 4 shows that the radiomimetic effect of 


MPNA was strongly reduced when the respira- 
tory inhibitors sodium azide and cupferron 
were present before and/or during the treatment. 
The influence of 2-4-dinitrophenol (DNP) on 
the radiomimetic effect of MPNA also 
tes‘ed. DNP is believed to uncouple phos- 
phorylation from respiration. As appears from 
Table 4, a slight, though hardly significant, 
suppression of the MPNA effect was obtained 
in these experiments. 


was 


DISCUSSION 

It was suggested above that cuplerron is a 
radiomimetic agent, not because of its chelating 
properties or because of its being a respiratory 
inhibitor, but for some reason connected with 
its phenylnitrosamine structure. This relation 
between structure and action was previously 
indicated for cupferron, MPNA, and diphenyl- 
nitrosamine in the light-acridine orange system. ? 
But if cupferron and MPNA act by the same 
mechanism, why are they so differently in- 
fluenced by factors such as pH, oxygen con- 
centration and temperature ? 

That MPNA should not be influenced by 
PH is, in fact, to be expected, since in contrast 
to cupferron, it is a neutral compound (Fig. 4). 
Nor is it difficult to understand why the radio- 


(b) 
Fic. 4. The chemical structural formulae of (a) 
cupferron and (b) N-methylphenylnitrosamine. 
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mimetic effects of MPNA and cupferron are not 
influenced by oxygen in exactly the same way. 
The radiomimetic effect of MPNA is suppressed 
by respiratory inhibitors such as cupferron. 
Thus, if the mechanisms underlying the effects 
of cupferron and MPNA are the same, cupferron 
should inhibit its own radiomimetic effect. No 
explanation can, as yet, be given for the fact 
that the radiomimetic effects of cupferron and 
MPNA are differently influenced by the 
temperature during treatment, but it may be 
that this difference also is a reflection of the fact 
that oxidative metabolism is inhibited by cup- 
ferron but not by MPNA. 

Although it 
nitrosamine structure is responsible both for the 
capacity of cuplerron and MPNA to activate 
the light-acridine orange system and for their 


is possible that the phenyl- 


radiomimetic eflects, the active decomposition 
products can hardly be the same in both cases. 
With the light-acridine orange system nitric 
oxide was suggested as the active decomposition 
product of the phenylnitrosamines. In agree- 
ment with this hypothesis oxygen proved to 
counteract the effect of the phenylnitrosamines 
in this system. 

In the absence of light and acridine orange 
cuplerron and MPNA produced chromosomal 
aberrations only in the presence of oxygen. ‘The 
higher the oxygen concentration, the stronger 
the effect of MPNA. Since nitric oxide cannot 
exist in the presence of oxygen, the radiomimetic 
effects of cupferron and MPNA cannot be due 
to the formation of nitric oxide. 

The fact that the radiomimetic 
MPNA was strongly inhibited by sodium azide 
or cupferron indicates that 
respiratory enzymes, or of some other enzymes 
containing heavy metals, was required for the 
radiomimetic effect of MPNA in addition to 
oxygen. Oxidative phosphorylation does not 
appear to be involved in the effect of MPNA, 
since DNP did not markedly influence the effect. 
The experimental indicate that a 
radiomimetic agent is formed from the phenyl- 
nitrosamines by an enzyme-catalyzed oxidation. 
The function of the phenyl-group could be to 
weaken the N-NO bond in the nitrosamines so 
that the reaction with oxygen can occur more 


results 


readily. 
D 
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effect of 


the activity of 
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In this connection, some recent studies on the 
physiological effects of dimethylnitrosamine 
(DMNA) are of considerable interest, although 
this nitrosamine did not have any radiomimetic 
effect in the root-tips of Vicia faba. DMNA has 
proved to be carcinogenic in the rat, producing 
tumours of the liver.“ It has also been found 
that DMNA inhibits, both im vive and in 
vitro,» the incorporation of isotopically 
labelled amino acids into proteins of the rat 
liver. This inhibitory effect of DMNA on the 
amino acid incorporation proved to be de- 
pendent on oxygen. Previously MAGEE and 
VANDEKAR"!”) had found that the destruction of 
DMNA by broken cell preparations of liver 
required the presence of oxygen. The experi- 
ments of MAGEE and Hurtin“ showed that 
MC from labelled DMNA was incorporated into 
proteins and nucleic acids of rat liver slices in 
the presence but not in the absence of oxygen. 

The different authors agree that the agent 
responsible for blocking amino acid incorpora- 
tion is not DMNA itself, but some product 
formed metabolically from DMNA. Brouwers 
and Emmecor) found that rat liver contains 
an active N-demethylation enzyme which, in 
the presence of oxygen, produced formaldehyde 
from DMNA. They suggest, therefore, that the 
active agent is “formaldehyde or the initially- 
formed methylol derivative of DMNA”. Hurtin 
et al. believe that the agent responsible for the 
inhibition of amino acid and adenine incorpora- 
tion into rat liver is the alkylating agent diazo- 
methane, which is assumed to be formed in 
connection with the 
demethylation of DMNA. 

The fact that the effect of the nitrosamine 
DMNA on amino acid incorporation into rat 
liver proteins and the radiomimetic effect of the 
nitrosamines cupferron and MPNA in Vicia faba 
both are dependent on oxygen, suggests that 
the two effects are brought about by similar 
mechanisms. However, neither the formaldehyde 
hypothesis nor the diazomethane hypothesis 


stepwise enzymatic 


seem to account for the radiomimetic effects of 
cupferron and MPNA, since according to both 
hypotheses the active agent is formed as a result 
of a demethylation process. The presence of 
methyl-groups is thus required. In the Vicia 
experiments, MPNA with one methyl-group 
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and cupferron with none were active, whereas 
DMNA was quite inactive. It seems more likely 
that in the Vicia experiments, the active agents 
are peroxides and/or free radicals, which 
may be formed in the root-tip cells in the 
presence of oxygen and a_heavy-metal-con- 
taining enzyme. The involvement of peroxides 
in the radiomimetic effect of MPNA would 
explain why the effect of MPNA resembles that 
of potassium cyanide n so many respects (see 
p. 48). In the case of potassium cyanide, 
peroxides are also believed to be involved in the 
radiomimetic effect.“4:*: *) The findings of BRODIE 
et al. may be relevant in this connection. 
These authors showed that the metabolic 
decomposition of drugs and other foreign com- 
pounds by liver microsomes required reduced 
nucleotide and 


triphosphopyridine oxygen. 


They suggest “that a common step in the 
various microsomal reactions could involve the 


production of hydrogen peroxide”. 
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Abstract—A number of agents structurally or functionally related to cupferron have been 
studied for their ability to enhance the frequency of chromosomal aberrations produced by 
X-rays in the presence of | per cent oxygen in the root-tips of Vicia faba. A marked enhance- 
ment was obtained only with agents which inhibited bean-root respiration. In experiments with 
the respiratory inhibitor carbon monoxide, the X-ray dose necessary to produce a given 
frequency of aberrations in the absence of oxygen was about 2:3 times as high as that which 
produced the same effect in the presence of | per cent oxygen. The carbon monoxide effect was 


light-reversible; no enhancement was obtained when the roots were exposed to strong light 


during irradiation and carbon monoxide treatment. 

Both cupferron and carbon monoxide enhanced X-ray sensitivity only when they were 
present before and during irradiation. Post-treatments with these agents did not have any 
influence on the frequency of aberrations produced by a given X-ray dose. 

The frequency of aberrations produced by 108 r of X-rays was almost doubled when the 
change from | per cent oxygen in nitrogen to | per cent oxygen in carbon monoxide was made 
70 sec before irradiation. In order to be fully effective, the CO-treatment was started between 
2 and 5 min before irradiation. 

These results support the hypothesis that cupferron and other respiratory inhibitors enhance 
the X-ray sensitivity of bean roots at low oxygen tensions because they prevent the formation 


of an oxygen gradient in the roots. 
A comparison between the cytological and physiological effects of cupferron, and those of 
some other agents which are structurally or functionally related to it, is presented in tabular 


form. 


Résumé—Un certain nombre d’agents similaires en structure et en fonctions au cupferron 
ont été étudiés dans leur habilité 4 augmenter la fréquence des aberrations de chromosomes 
produits par des rayons X en présence de | pour cent d’oxygéne dans les pointes de racines 
du Vicia faba. Une augmentation marquante n’a été obtenue seulement qu’avec des agents 
empéchant la respiration des racines de haricots. Durant des expériences avec l’inhibiteur 
respiratoire qu’est l’oxyde de carbone, la dose de rayons X nécéssaire 4 produire une fréquence 
donnée d’aberration de chromosomes en l’absence d’oxygéne est environ le double ou le triple 
de celle produisant un effet identique mais en présence de | pour cent d’oxygéne. L’effet de 
oxyde de carbone était reversible par la lumiére, aucune augmentation n’a été obtenue 
quand les racines étaient exposées a une forte lumiére durant leur irradiation et durant leur 


traitement a l’oxyde de carbone. 

Tant le cupferron que l’oxyde de carbone n’augmentent la sensibilité aux rayons X que 
lorsqu’ils sont présent avant et durant les radiations. Des traitements postérieurs avec ces 
agents n’ont pas la méme influence sur la fréquence des aberrations produites par une dose 
donnée de rayons X. 

La fréquence des aberrations produites par 108 r de rayons X a été pratiquement doublée 
quand la mutation de | pour cent d’oxygéne dans du nitrogéne en | pour cent d’oxygéne 


* This investigation was supported by a grant from the Swedish Natural Science Research Council. 
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dans de l’oxyde de carbone a été faite 70 sec avant Virradiation. Pour que le traitement 
a loxyde de carbone soit pleinement efficace il doit avoir été commencé entre 2 et 5 min 
avant l’irradiation. 

Ces résultats confirment l’hypothése que le cupferron et d’autres inhibiteurs respiratoires 
augmentent la sensibilité au rayons X des racines de haricots sous tension d’oxygéne faible 
parcequ’ils empéchent la formation d’un développement de l’oxygéne dans les racines. 

Une comparaison entre les effets physiologiques et cytologiques du cupferron, et ceux de 
certains autres agents qui lui sont similaires en structure et en fonctions, est présenté sous 
forme de tableau. 

Zusammenfassung Eine Anzahl von mit Kupferron strukturell oder funktionell 
verwandten Agenzien sind auf ihre Fahigkeit hin untersucht worden, die Frequenz der durch 
Réntgenstrahlen bei Vorhandensein von | Prozent Sauerstoff in den Wurzelspitzen der Vicia faba 
verursachten Chromosomeraberrationen zu erhéhen. Eine merkliche Erhéhung wurde nur 
mit Agenzien erreicht, die die Atmung der Bohnenwurzel hemmen. Bei Versuchen mit dem 
atmungshemmenden Agens Kohlenoxyd war die R6éntgendosis, die zur Hervorrufung einer 
Anzahl von Aberrationen bei Mangel von Sauerstoff benétigt wurde, ungefahr 
.3 mal so hoch als die, welche dieselbe Wirkung bei Vorhandensein von | Prozent Sauerstoff 
ausléste. Die Kohlenoxydwirkung konnte durch Licht aufgehoben werden; es trat keine 
Erhéhung ein, wenn die Wurzeln wahrend der Bestrahlung und Behandlung mit Kohlenoxyd 


gegebenen 


) 


starkem Licht ausgesetzt waren. 

Sowohl Kupferron wie Kohlenoxyd erhéhten die R6ntgenempfindlichkeit nur, wenn sie 
vor und wahrend der Bestrahlung anwesend waren. Eine nachtragliche Behandlung mit diesen 
\genzien hatte keinen Einfluss auf die durch eine gegebene Réntgendosis ausgeléste Frequenz 
von Aberrationen. 

Die durch eine Roéntgendosis von 108r ausgeléste Frequenz der Aberrationen verdoppelte 
sich beinahe wenn 70 Minuten vor der Bestrahlung die Gasatmosphare von | Prozent 
Sauerstoff in Stidestoff auf | Prozent Sauerstoff in Kohlenoxyd geandert wurde. ‘Damit die 
CO-Behandlung ihre Wirkung entfalten K6énnte, musste sie 2-5 Minuten vor der 
Bestrahlung ausgefiihrt Werden. 


Diese 
mende Agenzien die Roéntgenstrahlungsempfindlichkeit der 


volle 
Ergebnisse bestatigen die Hypothese, dass Kupferron und andere atmungshem- 
Bohnenwurzeln bei niedrigen 
Sauerstoflspannungen erhdhen, da sie die Bildung eines Sauerstoffgefalles in den Wurzeln 
verhindern. 

Ein Vergleich zwischen den zytologischen und physiologischen Wirkungen von Kupferron 
und denen einiger anderer damit strukturell oder funktionell verwandten Agenzien wird in 


labellenform dargestellt. 


INTRODUCTION It that 


X-ray sensitivity at low oxygen tensions because 


was suggested cuplerron affected 
Ir HAS been shown that the chelating phenyl- 
the ammonium salt of 
N-nitroso- 


presence of 


nitrosamine, cupferron of its inhibitory action on bean-root respira- 


N-hydroxylphenylnitrosamine — or tion.’* This hypothesis is based on the assump- 
phenylhydroxylamine), in the tion that, at low oxygen tensions, oxygen would 
normally be consumed by the outer cell layers 


of the roots so that anaerobic conditions would 


oxygen, enhances the production of chromo- 
somal aberrations by X-rays in the root-tips 


of the broad bean, Vicia faba.*) The increase 
in the frequency of X-ray-induced chromosomal 
aberrations obtained in the presence of cup- 
low 


ferron was particularly pronounced at 


oxygen tensions. In the complete absence of 


oxygen no enhancement of X-ray sensitivity was 
obtained with cupferron. 


prevail in the greater part of the meristem. The 
existence of an oxygen gradient would explain 
why the effect produced by a given X-ray dose 
at these low oxygen tensions is of the same order 
of magnitude as that produced by the same dose 
when oxygen-free nitrogen is bubbled through 
the solution surrounding the roots. It is now 
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well known that the dose necessary to produce a 
given frequency of chromosomal aberrations in 
plant tissues in the absence of oxygen is about 
three times as large as that necessary to produce 
the same effect under aerobic conditions. 

In the presence of the respiratory inhibitor 
cupferron, on the other hand, oxygen should be 
able to diffuse into the central parts of the roots 
not only when the oxygen concentration in the 
gas phase is high but also when it is low. As a 
result, the magnitude of the effect produced by a 
given X-ray dose would approach that produced 
by the same dose when the gas phase is air. It 


may be mentioned that when suspensions of 


single cells are used as experimental material, 
thus eliminating oxygen gradients, the X-ray 
sensitivity is enhanced by oxygen concentrations 
as low as those found to be effective in the bean- 
root experiments in the presence of cup- 
ferron.“:+») The oxygen gradient hypothesisis 
further supported by the fact that other respira- 
tory inhibitors, such as cyanide, azide, and 
hydrogen sulphide, produce a similar enhance- 
ment of the X-ray sensitivity of bean roots at 
low oxygen tensions.‘ 

Recently, results have been obtained which 
rendered a reinvestigation of the cupferron 
effect desirable. For example, N-methylphenyl- 
nitrosamine, which is closely related to cup- 
ferron but which is neither a chelating agent 
nor a respiratory inhibitor, was found to have 
the same effect as cupferron in the light-acridine 
orange system.® Sodium nitrite was also found 
to be active in this system. The effects of the 
phenylnitrosamines and of sodium nitrite in the 
light-acridine orange system were believed to be 
due to their forming nitric oxide. Since nitric 
oxide is known to enhance X-ray sensitivity,‘® 
it was necessary to test the effects of sodium 
nitrite and methylphenylnitrosamine on _ the 
X-ray sensitivity of bean-roots to make sure that 
the cupferron effect at low oxygen tensions was 
not also due to the formation of nitric oxide. 
The results of such treatments are described in 
the present paper. 

Other results which contributed to the re- 
investigation of the cupferron effect were those 
obtained by Bearry and Beatry,®* who 
studied the influence of carbon monoxide on the 
frequency of “two-hit” aberrations produced by 


B. A. KIHLMAN 


53 


X-rays in the Tradescantia 
paludosa. Carbon monoxide had no effect on 
the frequency of aberrations produced in the 


microspores of 


absence of oxygen. In the presence of oxygen, 
however, carbon monoxide considerably en- 
hanced the frequency of X-ray-induced chromo- 
somal aberrations. The enhancement was most 
pronounced at low oxygen concentrations. The 
curves obtained when the effects in the presence 
and absence of carbon monoxide were plotted 
against oxygen concentration are, in fact, very 
similar to those obtained by KrHiMan‘®) in 
experiments where root-tips of Vicia faba were 
exposed to X-rays at various oxygen concen- 
trations in the presence and absence of cup- 
ferron. 

However, these similar results have been 
interpreted quite differently by Brearry and 
Beatry.™ According to cupferron 
enhances X-ray sensitivity because it prevents 
the formation of oxygen gradients within the 
bean roots. The Beattys, on the other hand, 
believe that their findings are best explained 
by an inhibition of the rejoining of breaks. As a 
result of the inhibition of respiration by carbon 
monoxide, the energy supply of the cell is 
decreased. Experiments of and 
LuippoLp"” indicate that respiration energy is 
needed for the rejoining of breaks. A delay of the 
rejoining of breaks would mean that more breaks 
are open at the same time and therefore able to 
form exchanges. 

The explanation for the carbon monoxide 
effect given by Bearry and Bearry is supported 
by their finding that the carbon monoxide treat- 
ment is as effective when given immediately 
after, as when given before and during the 
irradiation.” In a recent publication, BEATTY 
and Beatry? report that post-treatments with 
carbon monoxide do not become ineffective 
until the period between irradiation and 
carbon monoxide treatment is 10 min or more. 


In the previous experiments by ® 
the effect of post-treatments with cupferron had 
not been studied. The results of such treatments 
are described below, together with a number of 
similar X-ray experiments performed with 
carbon monoxide, instead of cupferron, as the 
respiratory inhibitor. 
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MATERIALS AND METHODS 

In the present study, as in the two previous 
ones in this series, the experimental material 
consisted of lateral roots of the broad bean, 
Vicia faba. During treatment and _ irradiation 
the seedlings were in Lucite vessels‘*) with their 
roots immersed in M/150 phosphate buffer 
solutions. Unless otherwise stated, the tempera- 
ture during treatment was 20—21°C. 

In the experiments reported in Table | and 
Fig. | oxygen-free nitrogen was given for 
5 min to remove oxygen from the system, 
followed by 25 min of the desired gas or gas- 
mixture. The gases were introduced into the 
Lucite vessel through a sintered glass filter and 
bubbled through the sqlution during the entire 
treatment period. The X-ray doses were 
delivered during the last minutes of this period. 
The dose rates in these experiments were 
27 r/min (Table 1) and 66 r/min (Fig. 1). The 
chemicals to be tested were administered in the 
Lucite vessel simultaneously with the various 
gases or gas mixtures. 

Most of the procedures used in the experi- 
ments reported in Tables 2 and 3 are evident 
from these tables. When cupferron was given as 
a post-treatment, a concentrated oxygen-free 
solution of cupferron was added with a pipette 
within 20 sec after the end of the X-ray irradia- 
tion. In the experiments where cupferron was 
present before and during irradiation, the cup- 
ferron solution in the vessel was replaced by a 
buffer solution within 40 sec after the end of the 
irradiation. In the similar experiments with 
carbon monoxide, the switchover from a flow of 
a gas consisting of | per cent oxygen in nitrogen 
to a flow of a gas consisting of 1 per cent oxygen 
in carbon monoxide and vice versa, was accom- 
plished within 20 sec in the “1” experiments 
and within 5 sec in the “2” experiments 
Table 3). 

In the experiments reported in Table 2, the 
treatment vessels were placed in a glass walled 
water bath, maintaining the temperature at 
approximately 14°C during the treatment. ‘The 
light source used when the roots were illuminated 
during the treatment was a Philips ‘Attralux’ 
lamp, type 13378E/44, 24 V, 150 W. The lamp 
and the X-ray tube were on opposite sides of 
the water bath so that the roots were irradiated 
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with X-rays from one side and illuminated from 
another. The water layer between the lamp and 
the roots was 6 cm thick, and that between the 
X-ray tube and the roots 17 cm thick. The 
distance between the roots and the lamp was 
8 cm. 

The X-rays were generated at 180 kV, 5 mA 
in a Muller Therapy tube, type 71780. The 
radiation was filtered through 1 mm Al. The 
dose was measured by a Philips ionization 
chamber, type 37480. 

The gases and gas-mixtures used were 
oxygen-free nitrogen (British Oxygen Co. Ltd), 
1 per cent oxygen+99 per cent carbon mon- 
oxide (British Oxygen Co. Ltd), and | per cent 
oxygen+99 per cent nitrogen (Swedish Gas- 
accumulator Company). 

When the treatments were finished the roots 
were washed thoroughly and the seedlings trans- 
ferred to tubes containing tap water. During the 
recovery period the seedlings were kept in the 
dark at 19°C. 

The roots were fixed 18 hr after the treatment 
(alcohol-acetic acid, 3 : 1). Before fixation, the 
roots were treated for 4 hr with 0-05 per cent 
colchicine. The slides were prepared and, when 
not otherwise stated, analysed as described in 
the first paper of this series.” 


RESULTS 

Table | shows the effects of various agents on 
the X-ray sensitivity in the absence of oxygen 
and in the presence of | per cent oxygen. ‘Two 
of the agents tested, N-methylphenylnitrosamine 
(MPNA) and sodium nitrite (NaNO,), share 
with cupferron the ability to activate the light- 
acridine orange system.‘ The effect of cup- 
ferron, MPNA, and NaNQ, in this system may 
be due to the formation of nitric oxide from 
these compounds under the experimental con- 
ditions used. MPNA differs from cupferron in 
having a methyl-group instead of a hydroxyl- 
group attached to the central nitrogen atom. 
The substitution of a methyl-group for a 
hydroxyl-group has resulted in a molecule 
(MPNA) which in contrast to cupferron, is 
neither a chelating agent, nor a_ respiratory 
inhibitor. In Table 1, the effects of sodium azide 
(NaN,) and carbon monoxide (CQO) are also 
shown. These agents are, like cupferron, 
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Table 1. The effects of various agents on X-ray sensitivity in the absence of oxygen and in the presence of | per cent oxygen 
(14 uM in solution 


Chemical 
— Oxygen 
concen- 
Name or Concen- tration pH 
formula tration (uM) 
(uM) 
0 5°3 
— 0 5:3 
- 0 72 
0 58 
— — 14 5°3 
— — 14 7:2 
- — 14 6-8 
NaN, 400 0 5°3 
1000 0 5:3 
400 14 5:3 
1000 14 
co 1000 0 6-8 
99 1000 14 6-8 
Cupferron 400 0 5:8 
400 14 5:8 
N-Methylphenyl- 
nitrosamine 400 0 5:8 
400 0 5-8 
400 0 58 
500 14 5-8 
99 500 14 58 
NaNO, 10,000 0 7:2 
99 10,000 0 7:2 
10,000 14 72 
10,000 0 7-2 


Number Ab- Aberrations per 100 cells 
of normal ----—---- —----—-— 
X-ray meta-  meta- 
dosage phases phases I II 
(r ana- Isolocus Ex- 
lysed cent) breaks changes 

81 100 15 11 4 15 
108 100 21 17 6 23 
108 100 23 14 9 25 
162 100 38 25 17 42 
81 100 16 12 4 16 
81 100 8 2 3 8 
108 200 ai 16-5 6-5 23 
81 100 18 9 12 21 
108 100 21 16 6 22 
81 100 42 ra 16 43 
108 100 55 44 24 68 

108 200 20:5 13-5 9 

108 200 55 40-5 28 68-5 
81 100 15 10 7 17 
81 100 47 39 21 60 
81 100 8 5 + 9 
162 100 39 18 21 39 
-- 100 0 0 0 0 
81 100 17 10 7 17 
- 100 8 + + 8 
108 100 23 20 5 25 
108 100 26 18 15 33 
108 100 33 21 15 36 
— 100 0 0 0 0 


efficient inhibitors of bean root respiration. In 
contrast to cupferron, MPNA, and NaNQO,, 


NaN, and CO are not potential producers of 


nitric oxide. 

It appears from Table | that all the respira- 
tory inhibitors tested produced a strong en- 
hancement of the X-ray sensitivity in the 
presence of | per cent oxygen, but were inactive 
under completely anaerobic conditions. MPNA 
proved to be inactive both in the presence and 
in the absence of oxygen. The effect obtained 
in the presence of NaNO, was often, but not 
always, slightly stronger than that obtained in 
the control experiments without NaNO,. This 


slight enhancement of X-ray sensitivity by 
NaNO, was found both under anaerobic con- 
ditions and in the presence of | per cent 


oxygen. 


Of the respiratory inhibitors tested, CO 
probably has the most specific action. As CO 
was also the respiratory inhibitor used in the 
studies of Beatty and Beatrry®:® (see intro- 
duction) the effect of this compound was studied 
in rather more detail. 

In Fig. | the effects obtained in pure CO and 
in a mixture of 1 per cent oxygen (O,) and 
99 per cent CO are plotted against the dose of 
X-rays. As a comparison, effects obtained in 
pure nitrogen (N,) and in a mixture of | per 
cent O,+99 per cent N, are included in the 
figure. 

The effect obtained in | per cent O, 
cent CO was much stronger than the effects 
produced in O,-free N,, 1 per cent O, +99 per 
cent N,, or pure CO, which were of the same 


+-99 per 


order of magnitude. The dose necessary to 
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100 200 300 


X-RAY DOSAGE ,T 
1. The relation between the X-ray dosage and 
breaks 


produced in the presence and absence of carbon 


ISOLOCUS BREAKS + EXCHANGES /100 CELLS 


the frequencies of isolocus exchanges 

monoxide (CO) and with 0 and | per cent oxygen in 
the gas. Dose-rate: 66 r/min. 

1% 0,+99% CO 

O,+99% N: 

100°, CO 

100°, N, 


produce a given effect in pure CO was about 
2-3 times as high as that necessary to produce 
the same effect in | per cent O,-+99 per cent 
CO. However, although this increase of the 
X-ray considerable, it was 


sensitivity was 


nevertheless smaller than that produced by 
400 uM cupferron at the same oxygen concen- 
tration. 

The CO-enhancement of X-ray sensitivity 
which Beatry and Bearry? obtained in the 
presence of oxygen was light reversible. BEArty 
and BEATTY concluded ‘‘that the 
carbon monoxide effect was through the inhibi- 
tion of cytochrome oxidase’. ‘Table 2 shows that 
the CO-effect on the frequency of X-ray- 
induced chromosomal aberrations in Victa faba 


therefore 


in the presence of 1 per cent Og, is also light 
reversible. When the were illuminated 
during irradiation the effect produced in the 


roots 


presence of CO was approximately the same as 
that produced in the absence of CO. In the dark, 
on the other hand, the presence of CO resulted 
in a threefold increase of the frequency of 
aberrations. 

The data presented in Table 3 indicate that 
cupferron and CO enhance the X-ray sensitivity 
at 1 per cent O, only when these agents are 
present before and during irradiation. Post- 
treatments with these two respiratory inhibitors 
do not produce an increase of the X-ray effect. 
This evidence is not quite conclusive, however, 
since although the treatments with the inhibitors 
in question are applied within a few seconds 
after the irradiation, it may take some time 
before the treatments become effective. In the 
case of cupferron, the delay may be due to a 
slow diffusion of the fairly large cupferron 


Table 2. The effect of carbon monoxide in the dark and in the light on the frequencies of chromosomal aberrations produced 
in the presence of | per cent oxygen (14 uM in solution) by 92 r of X-rays at a dose-rate of 13-1 r/min 


‘Tempera- 
ture 
during 
treatment 


‘Treatment 


5 min N,/18 min 1°, O,+99% 
N./7 min X-ray, 1% O,-4 
99% N,; 

5 min N,/18 min 1% O,+99% 
CO/7 min X-ray, 1% O,-4 
99°,, CO, dark 

5 min N,/13 min 1% O,+99% 
CO/5 min 1% O,+99% Co, 
light/7 min X-ray, 1°, O,4 
CO, light 


Number of 
metaphases 
analysed 


|, Aberrations per 100 cells 
Abnormal — — 
meta- I II 
phases Isolocus Exchanges 
(per cent) breaks 


56 
1 T 
3 
50 + 
° 
25+ 
0 
0 VOL. 
7} 
[+1 
CC 
14 200 13-5 8-5 3-0 11-5 ‘ 
| 
44 200 305. | 12-5 34-5 
| 13 200 12-0 10°5 2-0 12-5 
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Table 3. The effect of pre- and post-treatments with 400 uM cupferron and 1000 uM carbon monoxide on the frequencies of 
chromosomal aberrations produced at 20°C by 81 r of X-rays in the presence of | per cent oxygen (14 uM in solution 


‘Treatment 


5 min N,/25 min 1% O, - 
99% N./2 min X-ray, 1% 


+ 99% Ne 


5 min N,/25 min 1% O.-4 
N., cupferron/2 min X- 


ferron/27 min 1% O,+99% 
N,; 


5 min N,/25 min 1% O.-4 


99% N,/27 min 1% O,- 
99°, N., cupferron 


5 min N,/27 min 1% O.-4 


99% N./3 min X-ray, 1% 


T 99% N, 


5 min N,/19 min 1% O,4 
99% N2/ 


1% O.+99% N./20 min 1% 
O,+99% Nz 


5 min N,/27 min 1% O,-4 
99% CO/3 min X-ray, 1% 
0,.+99% CO/30 min 1% 
O,+99% Nz 


5 min N,/19 min 1% O,-4 


1% O, t 99% N, 


5 min N,/27 min 1% O.,+ 
99% N./3 min X-ray, 1% 
O,+99% N,/30 min 1% 
O,+99% CO 


5 min N,/19 min 1% O,4 


1% O, +99% CO 


O, +99% N,/27 min 1% O, 


ray, 1% O,+99% N,, cup- 


99% N,/2 min X-ray, 1% O, 


O, +99% N,/30 min 1% O, 


1 1/4 min X-ray, 


99% CO/l 1/4 min X-ray, 
1% O,+99% CO/20 min 


99% N,/1 1/4 min X-ray, 
1% O,+99% N./20 min 


Ex- 
peri- 
ment 


Nr. 


~ 


~ 


ho 


ho 


Dose- 
rate 


(r/min 


40-5 
40-5 


40-5 
40-5 


66 


ho 
| 


66 


66 


pH 

of 
solu- 
tion 


wu 


ou 


6-8 


Number of 
meta- 
phases 

analysed 


100 
100 


100 
200 
100 
200 
200 
200 
200 
200 


200 


200 


Abnormal - 
meta- 
phases 

(per cent 


16-0 
14-0 


9-0 


36-0 


16-0 


I 
Isolocus 
breaks 


9-0 
9-0 


| 
cn 


No 
ww 


II 


Exchanges 


7-0 


4-0 


2:0 


18-0 


20-0 


ho 
cn 


Aberrations per 100 cells 


I 


II 


16-0 
13-0 


68-0 
58-0 


14-0 
14-5 


10-5 


39-5 


38-5 


10-0 
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molecule, and in the case of CO the delay may 
be due to the fact that the complete replacement 
of the O,-N, mixture in the system with the 
O,-CO mixture cannot be accomplished in- 
stantly 

How fast the CO-treatment becomes effective 
is indicated by the results summarized in 
Table 4. The frequency of aberrations produced 
by 180 r of X-rays was almost doubled when the 
change from a gas-mixture consisting of | per 
cent O, in nitrogen to a gas-mixture consisting 
of 1 per cent O, in carbon monoxide was made 
70 sec before irradiation. To obtain the full 
CO-effect, however, the change to the oxygen- 
carbon monoxide mixture had to be made 
between 2 and 5 min before the irradiation. 
Similar experiments (unpubl.) showed that the 
X-ray effect was doubled when the roots were 
pretreated with cupferron for | min, but that 
pretreatments of more than 15 min duration 
were required to obtain the full cupferron effect. 
The results indicate that the inhibitor-treat- 
ments become effective rapidly enough for a 
possible post-treatment effect to appear in the 
experiments reported in Table 3. 


DISCUSSION 

The results described above support the con- 
clusion previously arrived at‘ that the enhance- 
ment of the frequency of X-ray-induced chromo- 
somal aberrations in Vicia root-tips, which is 
obtained with cupferron at low oxygen tensions, 
is due to the inhibitory effect of cupferron on 
bean-root respiration. No evidence was obtained 
which favoured the idea suggested in the 
introduction, namely, that cupferron enhances 
X-ray sensitivity at low oxygen tensions because 
it is decomposed to yield nitric oxide. 

The slight enhancement of X-ray sensitivity 
obtained with sodium nitrite both in the presence 
and in the absence of oxygen, may possibly be 
due to the formation of nitric oxide, however. 
Further experimental work should be per- 
formed before definitive conclusions can be 
drawn. 

A light reversible enhancement of the X-ray 
sensitivity was obtained with the respiratory 
inhibitor carbon monoxide in the presence of | 
per cent oxygen. Although considerable, this 
enhancement was less pronounced than that 


produced by cupferron, perhaps because CO is 
a less effective respiratory inhibitor than cup- 
ferron. 

The negative results from the postirradiation 
treatments with cupferron and CO suggest that, 
in contrast to the enhancement of the X-ray 
sensitivity produced in Tradescantia microspores 
by CO in the presence of oxygen, the enhance- 
ment of the X-ray effect produced by cupferron 
and CO in the root-tips of Vicia faba cannot be 
due to an inhibition of rejoining. This conclusion 
is supported by the fact that the CO-effect in 
Vicia does not appear to be affected by the dose- 
rate. The enhancement is as strong when the 
dose is delivered in approximately | min 
(Table 3) as when it is delivered in 3 min 
(Table 3) or in7 min (Table 2). If rejoining was 
involved, the enhancement would be expected 
to be less at high dose-rates, when the majority 
of the breaks would be open simultaneously both 
in the presence and in the absence of a respira- 
tory inhibitor. Since a decrease of the enhance- 
ment was not found when the dose-rate was 
increased, the rejoining hypothesis seems to be 
possible only if it is assumed that the majority 
of the breaks rejoin within 1 min. The fact 
that in Vicia a proportion of X-ray-induced 
breaks actually may rejoin within | min is 
indicated by the results of Wo.trr and 
Lurero.p."*) The proportion of breaks of the 
fast-rejoining type is comparatively small, 
however, and the inhibition of their rejoining 
could not account for the substantial increase in 
the frequency of aberrations produced by 


X-rays at | per cent oxygen in the presence of 


respiratory inhibitors. Thus, the results obtained 
support the hypothesis originally proposed ®* 
that respiratory inhibitors enhance X-ray sensi- 
tivity of bean-roots at low oxygen tension 
because they prevent the formation of oxygen 
gradients in the roots. 

In Table 5, finally, some cytological and 
physiological effects of cupferron are compared 
with those of a number of agents which are 
structurally or functionally related to cup- 
ferron. N-Methylphenylnitrosamine (MPNA) is 
structurally closely related to cupferron, from 
which it differs by having a methyl-group instead 
of a hydroxyl-group attached to the central 
nitrogen atom. This change does not abolish 
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Table 4. The influence of the duration of the pretreatment with a gas-mixture containing | per cent oxygen and 99°, carbon 
monoxide on the frequencies of chromosomal aberrations produced by 108 r of X-rays in the presence of the same gas-mixture 


Duration of Dose- Number Abnormal Aberrations per 100 cells 
pretreatment rate of meta-— - 
Treatment with metaphases _ phases I II 
1% O,4+99% CO analysed Isolocus Exchanges I+ II 
min (r/min) (per cent) breaks 
5 min N,/19 min 1% 
O,+99% N,/! 2/3 min 66 100 23 17 7 24 


X-ray, 1% O,+99% 
N, 


5 min N,/10 min 1% 
O,+99% N,/1 1/6 min 1 1/6 66 100 35 26 l4 40 
1% O,+99% CO/1 2/3 

min X-ray, 1° O, 

99% CO 


5 min N,/10 min 1% 
O,+99% N,/2 min 1% 
O, +99% CO/1 2/3 min 
X-ray, 1% O,+99% 
CO 


66 100 +5 26 21 47 


5 min N,/10 min 1% 
O,+99% N,/5 min 1% 5 66 100 
O, +99% CO/1 2/3 min 
X-ray, 1% O,+99% 
CO 


28 67 


Os 


5 min N,/25 min 1% 
O, + 99% CO/4 min X- 
ray, 1% O.+99% CO 


40-5 28 68-5 


200 


ho 


Table 5. Comparison between different cytological and physiological effects of cupferron,N-Methyl phenylnitrosamine, sodium 
azide, carbon monoxide, and nitric oxide 


Radio- Ability to Ability to Ability to Ability to 
mimetic activate the enhance enhance inhibit respir- 
effect light-acridine | X-ray sensi- | X-ray sensi- ation of 
Chemical orange tivity under tivity in the | excised bean 
system anaerobic presence of root-tips 
conditions 1°% oxygen 
or or or or + or 


Cupferron 


N-Methylphenylnitrosamine 


Sodium azide 


Carbon monoxide 


Nitric oxide 
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the radiomimetic effect; nor does it alter the 
ability to activate the light-acridine orange 
system. However, with the substitution of the 
methyl-group for the hydroxyl-group, the 
ability to inhibit respiration is lost. As a con- 
sequence, MPNA does not affect the X-ray 
sensitivity at low oxygen tensions. The ability 
of cupferron to enhance the X-ray sensitivity at 
low oxygen tensions is also possessed by sodium 
azide and both 
inhibit bean-root respiration, but which do not 


carbon monoxide, of which 
activate the light-acridine orange system or have 
radiomimetic effects. Nitric oxide has the radio- 
mimetic effect and the ability to activate the 
light-acridine orange system in common with 
cupferron and MPNA. In contrast to these 
phenylnitrosamines and to sodium azide and 
carbon monoxide, nitric oxide enhances X-ray 
sensitivity under anaerobic conditions. It has 
not been possible to study the cytological and 
physiological effects of nitric oxide in the 
presence of oxygen because of the rapid com- 
bination of the two gases to form NQ,. 

Two cytological effects of cupferron appear 
to be dependent on its phenylnitrosamine struc- 
ture, i.e., the ability to activate the light- 
acridine orange system and the radiomimetic 
effect. The third effect, i.e., the enhancement of 
X-ray sensitivity at low oxygen tensions, seems 
to be a result of the ability of cupferron to form 


complexes with heavy metals, a property which 
makes cupferron an effective respiratory in- 
In the light-acridine orange system 


hibitor. 
the active agent is believed to be nitric oxide, 
which could be formed from the phenylnitro- 
samines as a result of a cleavage of the N-NO 
bond. The agents responsible for the radio- 
mimetic effects of the phenylnitrosamines are 
believed to be peroxides and/or free radicals.“” 
These agents could be formed from the phenyl- 
nitrosamines in the presence of oxygen and a 
heavy-metal-containing enzyme. 


EFFECTS OF 


PHENYLNITROSAMINES 
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RADIATION SENSITIVITY STUDIES ON RELATED 
FERMENTING AND RESPIRING YEASTS* 


R. T. O°7BRIEN 


Biology Laboratory, Hantord Laboratories, General Electric Company, Richland, Washington 


Abstract—Respiration deficient or fermenting yeasts were shown to be more sensitive to 
X-ray inactivation than genetically related respiring cells. Four fermenting isolates were 
studied, one of which was intermediate in sensitivity between the remaining fermenting 
cultures and respiring cells. The difference in radiation sensitivity observed with these 


yeasts could not be accounted for by such factors as age of the cells, bud frequency, cytochrome 


content, or respiration deficiency. However, significant differences were noted in catalase 


content. The correlation between catalase activity, peroxide sensitivity, and radiation 


sensitivity indicated that a deficiency in catalase was responsible for the increased sensitivities 


of the fermenting yeasts. A mechanism for catalase protection from radiation is discussed. 


Résumé—Des cultures respiratoirement déficientes, ou en fermentation se sont avérées 


étre plus sensibles a Pinactivation par rayons X que des cellules génétiques respirantes, analogues 


aux premiéres. Quatre espéces fermentantes ont été isolées et étudiées, Pune d’elles était a 


état intermédiaire, en sensibilité, entre les autres cultures en fermentation et des cultures 


respirantes. La différence du comportement observée avec ces cultures n’a pu étre retenue de 


par les facteurs tels que lage des cellules la fréquence, la contenance cytochrome, ou la 


déficience respiratoire. Néanmoins des différences significatives ont été notées en contenu de 


catalase. La corrélation entre activité catalase, sensibilité au peroxyde et sensibilité aux 


radiations indique qu'une déficience en catalase est responsable de augmentation de la 


sensibilité des cultures en fermentation. Un mécanisme pour la protection de la catalase devant 


la radiation est en discussion. 


Zusammenfassung—Es wurde gezeigt, dass atmungsgehemmte oder fermentierende 
Hefen der R6ntgenstrahlen-Inaktivierung gegeniber empfindlicher sind als genetisch ver- 
wandte, atmende Zellen. Vier fermentierende Isolate wurden untersucht, wovon eines in der 
Empfindlichkeit zwischen den ubrigen fermentierenden Kulturen und atmenden Zellen 
rangierte. Der bei diesen Hefen beobachtete Unterschied in Strahlungsempfindlichkeit liess 
sich nicht durch Faktoren wir das Zellalter, die Frequenz, den Inhalt an Zellfarbstoff, oder 
Atmungshemmung erklaren. Bedeutsame Unterschiede wurden jedoch im Gehalt an Katalase 
festgestellt. Die Korrelation zwischen Katalase-Aktivitét, Peroxydempfindlichkiet, und 
Strahlungsempfindlichkeit wies darauf hin, dass ein Mangel an Katalase fiir die erhéhte 
Empfindlichkeit der fermentierenden Hefen verantworthlich war. Ein Mechanismus zum 
Schutz der Katalase gegen Strahlung wird besprochen. 


INTRODUCTION the fermenting and respiring strains were gene- 
RADIATION sensitivity studies on respiration tically related. In contrast to these reports, 
deficient or fermenting yeasts have given Raut and Simpson“? and Woop‘) found no 
ambiguous results. Mousraccui™ reported that difference in radiation sensitivity between the 


fermenting yeast cells were three times as_ two cell types. 

sensitive to X-rays as related respiring types. In this laboratory during studies on a haploid 
Similar results were obtained by GoNzZALEs and _ yeast it was noted that the frequency of normally 
BARRON although it was not reported whether occurring respiration deficient cells decreased 


*Work performed under Contract No. AT(45-1)—1350 between the U.S. Atomic Energy Commission and 
the General Electric Company. 
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following X-irradiation. This observation sug- 
gested that the respiration deficient cells were 
more sensitive to inactivation than normal 
respiring types. In view of this and the con- 
flicting results of other investigations, a detailed 
study Data 


showing that respiration deficient cells are more 


was undertaken. are presented 


sensitive to X-ray inactivation and that this is 


correlated with a deficiency in catalase activity. 


MATERIALS AND METHODS 


Cultures 

Respiration deficient organisms were isolated 
from haploid Saccharomyces cerevisiae (S.C.17-7-1 
by a technique based on the differential plating 
method of Ocur and Sr. Joun.“® Actively 


growing cells were plated on | per cent 


0-5 per cent veast extract, 2 


glucose, 2 


peptone, per cent 


per cent agar medium. Micro or 
“petite” colonies were isolated from the plates 
after 48 hr at 25°C, and transferred to slants 
of the same medium. After 48 hr incubation at 
25°C, the isolates were streaked on a selective 
medium of the same composition as described 
above, except | per cent sodium lactate was 
substituted for glucose. The selective properties 
of the lactate medium have been described by 
Ocur and Sr. Jonn.“® Cultures that showed no 
growth on lactate medium after four days 
incubation were further characterized by oxygen 
uptake and spectroscopic examination of intact 
cells for cytochrome content. Organisms which 
showed negligible oxygen uptake and an absorp- 
tion band for cytochrome ¢ only were con- 
sidered respiration deficient. All cultures were 
maintained on slants, and were transferred at 
monthly intervals. For convenience the abbrevia- 
tions used by Ocur and Sr. JoHn™® will be used 
in this report, that is, aer for respiration deficient 
organisms and AER for normal cell types. 


Irradiation procedures 

Unless otherwise stated cells for irradiation 
experiments were grown aerobically for 18 hr 
at 25°C in the medium of BURKHOLDER et al.‘ 
After incubation the cultures were washed 
twice with 0-01 M phosphate buffer at pH 5-5 
and resuspended in buffer to a final concentra- 
tion of approximately 2-5 10® cells/ml. For 
tradiation a 10 ml sample of cell suspension 


was transferred to a sterile 100 ml lusteroid tube. 
Control cells were treated in a similar manner 
except for irradiation. 

Postirradiation inactivation studies were made 
after exposure of cell suspensions to 50 kr of 
X-irradiation. The suspensions were incubated 
at 25°C with constant stirring, and at appro- 
priate intervals | ml samples were taken and 
the peptone, 
extract, glucose agar medium. 


diluted for plating on yeast 

Irradiations were accomplished with a General 
Electric maxitron X-ray unit operated at 
250 kV peak and 30 mA without added filtration 
HVL 0:35 mm Cu). Unless otherwise stated 
the dose rate was 5000 r/minute as calibrated 
by Victoreen ionization thimbles at the centre of 
lusteroid tubes containing 10 ml of phosphate 
buffer. Cells were kept in suspension during 
irradiation by constant stirring. 


Inaly tical procedures 
Viable cell counts of control and irradiated 
cell suspensions were determined by diluting 


and plating on medium of the same com- 
position described above. Plates were scored 
after five days incubation at 25°C. 

All cell extracts were prepared from cells 
grown in three-litre fermenters with vigorous 
aeration for 48 hr. After separation from the 
growth medium, the cells were washed in 0-01 M 
phosphate buffer at pH 7-2 and then suspended 
in buffer (1 g cells wet weight, ml buffer). Equal 
volumes of each cell suspension were then 
treated for 30 min in a 10 kC Raytheon sonic 
oscillator. This treatment resulted in 90-95 
per cent disrupted cells. Intact cells and debris 
were removed by centrifugation, and protein 
concentrations of the extracts determined by the 
procedure of Lowry et al.“*) The cell extracts 
were adjusted to a common protein concen- 
tration with phosphate buffer. 

Cytochrome content of the extracts 
determined by comparing spectra obtained 
before and after reducing with sodium hydro- 
sulphite. Three cell extract preparations of each 
strain were examined for cytochrome content. 
Assay of cytochrome c oxidase was done accord- 
ing to Smiru.“®) 

Catalase activity was determined using a 
modification of the spectrophotometric pro- 


Was 


V O L 
7} 
| 
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cedure of Cuance.‘” Cell extracts were diluted 
with phosphate buffer and 0-01 ml of the diluted 
extract added to a quartz cuvette containing 
peroxide in 3 ml. 
quickly mixed 


9 mmole. of hydrogen 
The reaction mixture 


and the change in optical density at 230 mu 


Was 


observed at one minute intervals over a five- 
minute period. In all fifteen catalase assays 
were run on three different cell extract prepara- 
tions of each yeast strain. 

Oxygen uptake was determined by standard 
manometric techniques. 


RESULTS 

Characterization of aer strains 
Using the characterization procedure des- 
cribed above, forty-five of fifty isolates were 
found to be respiration deficient. Since it was 
not possible to study all the aer cultures, four 
were randomly chosen for further study and 
were referred to as aer-l, 2, 3 and 4. LINNANE 
and Stiri") reported that in addition to 
deficiencies in cytochromes a and 4, aer yeasts 
characteristically lack cytochrome c oxidase. 
Cytochrome c¢ oxidase activity and oxygen 
uptake rates (QO,) were studied and are 
summarized in Table |. It can be seen that the 
similar to each other and 


aer isolates were 


Table 1. Cytochrome © oxidase activity and oxygen uptake 
rates for respiring and fermenting yeasts 


Culture Cytochrome c 


Number Type Oxidase QO, 
7-1 AER 0-032* 67-0F 

l aer No activity 0-3 

2 aer 99 99 0-3 

aer 0-3 

4 aer % 0-2 


*Observed rate constant sec-!, protein concentration 


15 mg/ml. 


tQO, 0,/mg dry wt/hr. 


closely resembled the “‘petite’” yeasts described 
by Epxrussi and Horrincuer.‘®) With respect 
to nutritional requirements (pantothenate was 
required for growth) and nucleic acid content, 
the aer isolates were similar to the respiring cells. 


R. T. O'BRIEN 


Radiation sensitivity studies 

STAPLETON, BILLEN 
reported that metabolic uptake of oxygen from 
the suspending medium markedly reduced the 
radiation sensitivity of Escherichia coli. Since 
AER cells utilized oxygen and aer yeasts did not 
(Table 1), it that the oxygen 
concentration during irradiation was the same 
in all cell suspensions. It was for this reason that 
small volumes of dilute cell suspensions were 
used in irradiation experiments. In addition, 
10 min) and vigorous 


HOLLAENDER“!®? 


and 


was essential 


short exposure times (5 
stirring were also employed. 

A total of five experiments were carried out 
on each yeast strain. LD;, values were deter- 
mined from survival curves and the mean taken 
as the relative radiation sensitivity. By main- 
taining constant experimental conditions, varia- 
tions between determinations were minimized. 
In Table 2 LD,, values together with standard 
deviations for 18 hr cultures are shown. Marked 
differences in radiation sensitivity between 
normal and aer cells are immediately apparent. 
Moreover, it can that the radiation 
sensitivity of aer-] was intermediate between 
that of normal yeasts and the other respiration 
deficient isolates. This result was unexpected 
indicated that the aer 
Microscopic 


be seen 


since previous tests 
isolates had similar properties. 
examination of the 18 hr cultures showed the 
frequency of buds in normal cultures was 40-45 
per cent whereas 25-35 per cent of the respira- 
tion deficient cells had buds. It was possible then 
that these results were due to differences in bud 
frequency since it is known that cells with buds 
are less sensitive to radiation inactivation than 
single cells.“ Reduction in bud frequency was 
accomplished in two ways. In one series of 
experiments 18 hr cultures were suspended in 
buffer 0-1 M phosphate at pH 7-2 containing 
1 per cent glucose and shaken 18-24 hr. This 
procedure reduced the number of cells with 
buds to less than 5 per cent. A second method 
was similar to that used by Woop.) Low 
glucose (1 per cent), peptone, yeast extract, 
agar slants were inoculated with actively grow- 
ing cells and incubated at 25°C. After two weeks 
growth was removed with sterile phosphate 
buffer and the cells washed twice. The washed 
cells were then resuspended in buffer and 
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equilibrated for 2 hr. As with shaken cultures identical LD;, values were obtained in each 
less than 5 per cent of the cells had buds at the — case. Thus the difference in radiation sensitivity 
time of irradiation. cannot be accounted for by bud frequency or 
age of the cells. 
\ Catalase studies 
Catalase has been reported to protect micro- 
organisms from both ultraviolet and ionizing 
radiations. !*?) The protective effect has been 
attributed to the action of this enzyme on radia- 
tion produced H,O,. Consequently the catalase 


activities of both cell types were determined and 
are shown in Table 3. The activities shown in 
Table 3 are probably maximal since the method 
of growing cells would favour synthesis of 
catalase and other enzymes associated with 
aerobic metabolism. The data are both average 


PER CENT SURVIVORS 


and typical since the same activity values were 
obtained from each preparation. It is apparent 
the aer yeasts had much less catalase than 
normal cells. However, aer-1 was intermediate 
in activity being about one-third that of AER 
° cells and eleven times greater than the other ae 
x ! ! yeasts. This result suggested a_ relationship 


« 


‘tween catalase activity ‘adiation resist- 
wenenepenee between catalase activity and radiation resist 
ance. 

Fic. 1. Survival curves for respiring yeast irradiated 
To test this experiments were run in which 

with 250 kVp X-rays. A 4 18 hr cells, X—-X 

cells shaken in buffered glucose, @ @ ? week old 


cells, 


crystalline catalase was added to cell suspensions 
during irradiation. No protection was noted 
with up to 700 units of enzyme per ml of 
suspension with either cell type. Within the 

Survival curves for AER cells are compared limits of measurement all the added catalase 
in Fig. 1. Though not shown, similar results were remained in the suspending medium which 
obtained with the respiration deficient yeasts. might, in part, account for the lack of effect. 
In all instances typical single-hit curves were It should be mentioned that with regard to 
obtained. As shown in the figure, survival curves catalase the aer yeasts used in this study are 
for shaken and two-week old cells were super- different from other strains. Apparently some 
imposable. It can be seen in Table 2 that strains have normal or near normal catalase 


Table 2. LD 5 values for respiring and fermenting yeasts irradiated with 250 kV peak X-rays 


Shaken in 
Culture Number lype 18 Hr Cells Buflered Glucose 2 Week Cells 


)-2 


AER 


aer 


aer 


Noe 


Cari 


0-3 
Q-2 
-O-] 
0-1 
0-1 


me WO 


aer 


*Kiloroentgens. 
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Table 3. Cytochrome contents and catalase activities of cell extracts of respiring and fermenting yeasts 


Culture Type 
Number a 
7-1 AER 0-08 
aer 0-0 
2 ae? 0-0 
3 aer 0-0 
+ aer 0-0 


Cytochrome Content* 


b 


Catalase Activityt 
0-05 0-20 20-0 
0-0 0-04 79 
0-0 0-03 0-7 
0-0 0-04 0-7 
0-0 0-10 0-7 


for cytochromes a, b, and ¢ respectively. 


activity since respiration deficient cells have 
been used in studies on biosynthesis of catalase.‘*) 


Peroxide studies 

Recently ApLER™ described a postirradiation 
inactivation of hemin deficient F. coli cells 
which had survived X-irradiation. These organ- 
isms lacked catalase and other porphyrin con- 
taining enzymes and pigments when cultured 
in the absence of hemin. When hemin was 
present during growth, cells contained a full 
complement of porphyrin components, in- 
cluding catalase, and no postirradiation effects 
were observed. Radiation-produced H,O, was 
shown to be the cause of inactivation. These 
results were of interest in this study since aer 
yeasts also lack most of the porphyrin con- 
taining enzymes and_ respiratory pigments 
present in AER yeasts. In Table 4 are listed 
typical results of experiments similar to 
Apter’s."” Since there was no reduction in the 
number of surviving cells, it is clear that radia- 
tion-produced peroxide (approximately 3 ug/ml 
did not inactivate either cell type. 

Further studies on peroxide sensitivity showed 
that catalase deficient aer yeasts were more 
susceptible to inactivation than either aer-1 or 
normal cells. In Table 5 it can be seen that 
neither AFR nor aer-| cells were affected by 
10 ueg/H,O,/ml whereas the aer 2, 3, and 4 
isolates were readily inactivated. Irradiation 
did not affect peroxide sensitivity since similar 
results were obtained with irradiated cells. 


tochrome studies 
From the characterization studies it was 


tActivity expressed as millimoles H,O, decomposed/min/g protein. 


*Expressed as difference in O. D. between oxidized and reduced cell extracts. Read at 610 mu, 565 mu and 550 mu. 


already known that aer yeasts lacked some of the 
cytochromes present in normal cells. However, 
these results were obtained with a spectroscope 
and were not sufficiently quantitative. More 
reliable data were needed since some data 
suggesting that cytochromes protect cells from 
radiation have been reported.1!) Typical 
difference spectra data from standardized cell 
extracts are shown in Table 3. Extracts from 
AER cells showed absorption bands for cyto- 
chromes a, 6 and c, whereas the aer extracts had 
only a small amount of cytochrome ¢ as evi- 
denced by a faint band at 550 mu. Since all the 
aer isolates had similar cytochrome contents, no 
clear relationship between cytochrome content 
and radiation resistance is evident. 


Reversion experiments 

Attempts to induce reversion of aer yeasts to 
respiration sufliciency were without success 
nor were any spontaneous reversions observed. 
This was not unexpected but unfortunate since 
experiments with reverted cells, or better still, 
partially reverted cells might explain more con- 
clusively the cause of lower radiation resistance 
of aer yeasts. In this respect, nutritional mutants 


would seem to be ideal. 


DISCUSSION 

Although aer yeasts were more radiation 
sensitive than AFR cells, it is clear that these 
isolates were not all the same. This suggests that 
the increased sensitivity was due to something 
more specific than respiration deficiency. This 
is also indicated by the conflicting results of 
other investigators.“® 17-22) [t is possible to ex- 
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RADIATION SENSITIVITY STUDIES ON YEASTS 


Table 4. Effect of post-irradiation holding time on viability of yeast cells surviving 50 kr of X-irradiation 


Culture 
number 


Type 


AER 
ae? 
aer 
aer 
aer 


Minutes after irradiation 


*Number of survivors/m1 10°. 


this study on the premise that specific cellular 
components associated with respiration are 
involved in processes which protect the cell 
from radiation damage. Enzymes and other 
cellular components could protect the cell from 
radiation in a number of ways but the most likely 
mechanism would be through suppressing the 
effects of radiation produced free radicals. It 
has been suggested that secondary radiation 
effects are due in part to the action of radicals 
such as HO, and H,O,.“!*% In this respect 
cytochrome and catalase were considered in this 
study since both have been reported, or implied, 
to modify the effects of these radicals. 
Considering first the cytochromes, it seems 
unlikely that a deficiency of these respiratory 
pigments has any effect on radiation sensitivity. 


This conclusion may be drawn from two 
observations. First, the experimental data 
obtained here have shown no differences in 


plain these conflicting data as well as the results of 


Table 5. Effect of H,O,* on survival of respiring and fermenting yeasts 


cytochrome content which could be related to 
the higher LD, value of aer-1. Second, cyto- 
chrome deficiency is characteristic of all 
respiration deficient organisms‘) whereas in- 
creased susceptibility to radiation inactivation 
is 22) 

While it is possible that other factors are also 
the correlation between radiation 
sensitivity, catalase activity, and _ peroxide 
sensitivity would seem to be more than coin- 
cidental, and that a deficiency in 
catalase was involved in the increased radiation 
sensitivities of the fermenting yeasts. The 
absence of post-irradiation inactivation and the 
lack of effect of added catalase with the aer cells 
does not preclude an involvement of catalase. 
Rather, these data show that aer yeasts are not 
affected by low concentrations of extracellular 
hydrogen peroxide, possibly because diffusion 
into the cell is sufficiently slow to allow destruc- 
tion by the small amount of catalase still present. 


involved, 


suggests 


Type 


Culture 
Initial 


Number 


Viable Cell Count 


Per Cent 


30 Minutes Inactivation 


AER 
aer 5-3 
2 aer 1-2 
3 aer 3-8 
+ 3-1 


Control 


+Number of cells/ml « 10°. 


*H,O, concentration when present was 40 ug/ml of suspension. 


66 | 
: 0 10 30 60 90 
7-1 3-41* 3-89 4-2] 4-00 4-13 
l 1-56 1-59 1-60 1-66 1-63 
? 0-67 0-66 0-60 0-63 0-64 
1-01 1-05 1-05 1-09 1-09 
: } 0-46 0-49 0-46 0-46 0-47 
F VOL. 
1961 
H,O, | 
2-9 3-0 None 
5:1 5-1 3-6 
1-2 0-79 34-0 
3-7 2-2 42-2 
3-2 2-1 32-4 


R. 


However, peroxide produced inside the cells 
could readily diffuse to sensitive sites. In this 
event any catalase activity in the cells would 
produce a degree of protection by destroying 
peroxide before it reacted with a_ biologically 
essential compound. 

While the data obtained here indicate a 
relationship between catalase and_ radiation 
sensitivity, it should be mentioned that not all 
organisms which lack this enzyme show in- 
creased sensitivity. Catalase negative EF. coli 
have the same sensitivity as catalase positive 
cells"? even though the former are sensitive to 
peroxide inactivation.”) Also, yeasts in which 
respiratory and, presumably, catalytic activity 
have been inhibited by metabolic poisons do 
not show increased sensitivity to X-ray in- 
activation.“ These studies, as well as others not 
cited, lead to the conclusion that catalase is not 
of radiobiological importance in all organisms. 
In fact, it would be surprising if a single repair 
or protective mechanism was effective in all 


species of cells. An example of the diversity of 


radiation response mechanisms is the protection 
by oxygen of Tl phage® which is clearly 
different from the usual effect of oxygen. The 
question is then, do the results obtained here 
represent a similar exception to what is 
ordinarily seen and, if so, why ? Future work will 
be directed towards answering these questions. 
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Abstract—Specific responses to chronic irradiation with daily doses up to 375 r/day are 
described for plants of Nicotiana bigelovii (2n 24), NV. glauca (2n and N. bigelovii N. glauca 
2n—36). Induced irregularities in the growth of stems, leaves and buds are described and 


correlated with the histological appearances. ‘The three stocks differ in degree of radio- 


sensitivity and each has a characteristic set of responses. Sensitivity seems to be related 


to chromosome number since stem and leaf responses were apparent in NV. bigelovti at 
300 r/day after one month of exposure, in the hybrid at 150 r/day and in N. glauca at 75 r/day. 
lhe growth habit of all three stocks changed after 300-375 r/day for one month, but the hybrid 
was most affected. Histological sections of shoot apices and of axillary buds showed that loss of 


polarity and organization so evident in the hybrid results from the formation of enations, 


intumescences or tumours and aberrant short shoots from multiple, adventitious growth 


centres. Induced chromosomal abnormalities and induced physiological changes are discussed 


as possible causal agents of the radiation responses. 


Résumé—Des réactions spécifiques A des irradiationes chroniques par doses journaliéres 
allant jusqu’a 375 r par jour sont décrites pour des plants de Nicotiana bigelovit (2n—24), N. 
glauca (2n —48) et N. bigelovii x N. glauca (2n —36). Les irrégularités produites dans la poussée 
des tiges, des feuilles et des bourgeons sont décrites et comparées aux apparences histologiques. 


Ces trois parties différent par leur degré de radiosensibilité et chacune d’elles a une série 


caractéristique de réactions. La sensibilité semble étre proportionnelle au nombre de chromo- 


somes depuis que les réactions de la tige et des feuilles sont apparues sur le N. bigelovii a 


300 r/jour, aprés un mois d’exposition, sur les espéces hybrides 4 150 r/jour et sur les N. glauca 


a 75 r/jour. La régularité de la poussée a changé pour les trois parties aprés 300-375 r/jour 


durant un mois, mais c’est ’espéce hybride qui a été la plus durement affectée. Des sections 


histologiques de pointes de pousses et de bourgeons accolés montrent cette perte de polarité 
‘enations’’, 


et d’organisation si évidente dans les espéces hybrides, résultant de la formation de 


de naissance de tumeurs, et de curieuses petites pousses sortant de multiples et hasardeux 


centres de poussée. Des anomalies chromosomales induites, de méme que des changements 


physiologiques sont discutés comme étant éventuellement de possibles et hasardeux agents 


des réactions aux radiations. 


Zusammenfassung —Spezifische Reaktionen auf chronische Bestrahlung mit ‘Tagesdosen 
bis zu 375 r/Tag werden fiir Pflanzen der Nicotiana bigelovii (2n=24), N. glauca (2n=48) und 
N. bigelovii x N. glauca (2n—36) beschrieben. Die im Wachstum der Stengel, Blatter und 
Knospen verursachten Unregelmissigkeiten werden beschrieben und mit dem histologischen 


*Research carried out in part at Rutgers, the State University, under A.E.C. contract No. AT(30-1)-1120 
and with the cooperation of the Rutgers Research Council, and in part at the Brookhaven National Laboratory 
under the auspices of the U.S. Atomic Energy Commission. 

+Present address: C. W. Post College of Long Island University, Greenvale, New York. 
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RESPONSES OF NICOTIANA AFTER CHRONIC GAMMA IRRADIATION 


Aussehen korreliert. Der Grad der Strahlungsempfindlichkeit ist bei den drei Stammen unter- 


schiedlich, und jeder derselben zeigt eine Reihe von charakteristischen Reaktionen. Die 
Empfindlichkeit scheint zur Chromosomenzahl in Beziehung zu stehen, da Stengel- und 
Blatt-Reaktionen nach einmonatiger Exponierung bei 300 r/Tag bei NV. bigelovii auftraten, 
bei dem Bastard bei 150 r/Tag und bei .V. glauca bei 75 r/‘Tag. Die Wachstumsgewohnheiten 
aller drei Stamme Anderten sich nach einem Monat bei 300-375 r/Tag. aber der Bastard 
war am schwersten betroffen. Histologische Schnitte von Schésslingsspitz*n und Axillarknospen 
zeigten, dass der Verlust an Polaritat und Organisation, die am Bastard so deutlich ersichtlich 
sind, von der Bildung von Auswiichsen, Tumorschwellungen und abweichenden kurzen 
Schésslingen aus vielfachen zusatzlichen Wachstumszentren herriihrte. Kiinstlich erzeugte 
Chromosomen-Abnormitaten und ebenso erzeugte physiologische Anderungen werden als 


INTRODUCTION 
‘THE present study was conducted in order to 
determine the morphological and _ histological 
effects of chronic gamma _ irradiation upon 
Nicotiana bigelovii, N. glauca and their F , hybrid. 
The hybrid employed in this experiment was 
N. bigelovii N. glauca selected 
because of the spontaneously occurring growth 


\O)s 


abnormalities?” which resemble those produced 
in many plants by high doses of ionizing radia- 


tion. ‘Typical radiation effects such as dwarf 


habit, abnormalities in leaf form, reduced 
fertility and various chromosomal aberrations 
were noted by GoopspEED™? in five .Vicotiana 
species after acute irradiation. 

It was thought that a comparison of the 
effects of upon the three 
stocks would show whether (a) differences in 
susceptibility to radiation existed in closely 
related species, (b) whether a_ genetically 
“unstable” hybrid would be more sensitive to 
whether 


gamma_ radiation 


radiation than its parents, and (c) 
any characteristically different morphological 
responses would appear in the three lines. 


MATERIALS AND METHODS 

Plants of Nicotiana bigelovii var. quadrivalvis 
Pursh. (2n=48) and.V. glauca Graham (2n= 24), 
and of their F, hybrid, .V. bigelovit « N. glauca, 
were used in this study. The two parental lines 
were grown from seed in the greenhouse. Seed- 
lings were transplanted to control plots and the 
gamma field of the Brookhaven National 
Laboratory when 42 days old and 10-13 cm in 
height. At the same time, rooted hybrid cuttings 
of a clonal line derived from a field-grown plant 
were similarly planted. These plants were about 


mégliche gelegentliche Ursachen der Strahlungsreaktionen besprochen. 


the same height as the seedling stocks at the 
time of planting. 

Plants were exposed for 20 hr/day to a cobalt- 
60 gamma ray source of approximately 1800c, the 
distance of the plants from the source deter- 
mining the dose rate.'*3” The daily dose rates 
were determined by calibration of the source 
at the beginning of the season and the small 
amount of decay (about | per cent per month) is 
disregarded. The plants were subjected to six 
radiation intensities: 37-5, 75, 150, 225, 300, 
and 375 r/day, and irradiated for various periods 
of time up to three months. 

Samples of affected stems, leaves and buds 
were collected at intervals from plants at all 
the dose rates and from controls. The material 
was killed and fixed in a formalin-acetic acid- 
alcohol mixture, dehydrated in a n-butyl series 
and infiltrated and embedded in_ paraffin. 
Sections were cut at 10u and stained in a 
safranin-Delafield’s hematoxylin-fast green 
series, 

In order to show a typical set of data for 
growth inhibition, three replications of .N. 
glauca plants from various dose rate rows were 
removed from the gamma field at the end of the 
growing season. In addition, the healthiest 
appearing plant of .. glauca and of the hybrid 
was selected from each of the dose rate rows, 
and these were potted and removed to the 
greenhouse for further observation during a 
recovery period. 

GROWTH HABITS AND GENERAL 
MORPHOLOGY OF CONTROL PLANTS 


The growth habits and taxonomic characters 
of the tobacco stocks used in this study have 
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been reported previously.) Consequently, only 
a brief description of the control plants will be 
found in Table | to serve as a basic for com- 
parison with irradiated plants. 

A few general observations on control plants 
may be summarized and emphasized. The three 
stocks differed by 4-6 weeks in maturity dates, 
with WV. digelovit maturing first, then the hybrid, 
then NV. glauca. Between the extremes of the tall, 
excurrent plants of .V. glauca and the low, much- 
branched plants of .V. bigelovit, the F, hybrid 
showed much variability. 

The variability of leaf form in young hybrid 
plants was interesting. Of two clonal lines 
established from cuttings of field-grown plants, 
one had leaves resembling .V. glauca and the 
other bigelovii, although chromosome counts 
made on the two clones showed that both had 
the same number, i.e. 2n =36. When these two 
clonal lines were field planted the following 
season, the two types were still distinguishable 
but the differences had become less evident. 
For example, in Fig. 2 we see (a) three young 
leaves of a young F, plant, (b) three repre- 
sentative leaves from the same plant six months 
later, and (c) two leaves from a cutting of the 
same plant one year later. Finally, it should be 
noted (d) that leaves of an amphidiploid pro- 
duced from the same hybrid showed no morpho- 
logical aberrations. 


Neither of the parental lines showed any leaf 


irregularities when not irradiated. The spon- 
taneous changes in hybrid leaves—irregular 
margins, crinkling and reduction of the blade— 
most closely resemble the radiation effect on the 
NV. glauca parent. Irradiation simply accentuates 
the effects in hybrid plants. 


GROWTH HABITS AND GENERAL 
MORPHOLOGY OF IRRADIATED PLANTS 
The most obvious radiation response in all 

three stocks was a reduction in stem growth. 
In general, stem growth is inversely proportional 
to the dose rate (and to total dosage) in chronic 
treatments. Fig. | is a graph showing the 
average height and average wet weight plotted 
against the dose rate for ten plants of V. glauca 
at each dose rate. It would appear from the 
weight data that the plants receiving 37-5 r/day 
are stimulated in growth, but since the controls 
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necessarily had to be grown in another field, 
some variation is not surprising. Although 
stimulation, particularly at low dosages, has 
been observed and reported by us _ else- 
where,‘*?> 3) the response at 37-5 r/day should 
not be considered to be a valid case of growth 
stimulation until confirmed on a much larger 
scale. 
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DOSE RATE IN r PER DAY 
Fic. 1. Graph showing average heights and average 
weights of plants of JVicoliana glauca grown at various 
dose rates for about three months. 


The stocks did not react similarly to irradia- 
tion. Nicotiana bigelovit responded the least, 
perhaps due in small part to early maturation. 
After six weeks in the gamma field, no radiation 
effects were evident on a gross level in those 
plants at or below 300 r/day. Radiation effects 
upon NV. glauca became evident at relatively low 
dose rates of chronic irradiation. Irregularities 
in developing leaves, as well as a progressive 
decrease in internodal elongation, were evident 
in these plants at 75-225 r/day. A change in 
growth habit occurred at 300 and 375 r/day 
after a 4 week period as the terminal meristem 
was inhibited and axillaries developed. The 
hybrid was intermediate in reponse with leaf 
aberrations first becoming evident after 4 weeks 
at 225 r/day or higher, stem inhibition above 
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RESPONSES OF NICOTIANA AFTER CHRONIC GAMMA IRRADIATION 


150 r,day, and adventitious, aberrant growths 
after 6 weeks above 300 r/day. 

Specific radiation responses for each stock 
are summarized in Table 1. The only irregu- 
larity in the growth of .V. bigelovtt to be empha- 
sized was the appearance of very thick, short, 
axillary shoots in swollen upper nodal areas 
3). Nicotiana glauca showed irregular 
development of young irradiated leaves and 
buds, internodal inhibition and stem thickening 


and, at the highest dosages only, the loss of 


apical dominance and development of upper 
axillary buds. In one case a .V. glauca plant which 
received 300 rday throughout the 3 month 
period exhibited not only aberrant leaf forms 
but also produced leaf-like appendages from 


ig. 


this 


the mid-rib of one of the aberrant leaves 
t). Although we that 
aberrant induced, it 
If SO 
glauca parent 


cannot be certain 


structure was radiation 


seems reasonable to assume that it was. 
this that the .\. 


may contribute the potential for the induction 


would suggest 
of meristematic activity which is so marked in 
the hybrid. 

of the 
gamma field to a greenhouse at the end of the 


Removal glauca plants from the 


3 month exposure period proved the retention 
of the ability of inhibited stems (from dosages 


below 225 rday) to produce new normal shoot 
growth. This is significant in indicating that the 


aberrant growth must be due to induced physio- 


logical changes rather than to the induction of 


persisting mutations or chromosomal irregu- 


larities, since mutant branches would not be 
expected to revert to a normal growth pattern 
or habi . 

Since there were growth irregularities in the 
unirradiated hybrids which resembled — the 
effects of ionizing radiation upon the .V. glauca 
parent, any further irregularities would need to 
be greatly exaggerated for the effect to be dis- 
Definite Table | 


after 


cernible. radiation effects 


appeared only one month at 
225 r,day and above, and at the lower dose rate 
of 150 r/day at the end of 6 weeks. Fig. 5 shows 
a stem of .\. bigelowtt x N. glauca which received 
300 r/day over a period of 32 days. At such 
high radiation levels, it can be seen that multiple 
buds developed in the leaf axils, producing 
aberrant leaves, abbreviated stems and short- 


levels of 


shoot types of growth. In addition, enations 
were formed on the internodes. 


stances the enations were merely protuberances, 


In some. in- 


in others they resembled aberrant short shoots. 
In most cases the irradiated apex produced a 
few leaves which developed only as a fore- 
shortened mid-rib and then ceased activity or 
the scale-like leaves and 
leaf bases (Fig. 6). 
stems and leaf-like appendages formed, usually 


Fig. 


terminated in 
Finally, fused or fasciated 


apex 


lateral to aberrant, axillary short shoots 
1-2 mm in 
the 


7). Generally these areas, each 
diameter, were more numerous in lower 
axillary areas. 

The gross morphological characteristics just 
described for irradiated hybrids are readily 
apparent in histological sections. A non-median 
longitudinal section of a shoot tip exposed to 
225 r/day for one month is shown in Fig. 8. 
This view shows a short shoot growth habit and 
the irregular outline and arrested development 
of leaves with highly vacuolated cells. Note the 
axillary bud on the lower left. Fig. 9 is a near- 
median section of the axillary bud seen in Fig. 8. 
Actually the bud originated above the ordinary 


axillary position, on the adaxial surface of the 


leaf and with its vascularization continuous with 
that of the leaf but well above the leaf base. 
Further, the section shows that two other buds 
arrows) are just beginning to develop adventi- 
tiously from the subsurface cells on the adaxial 
side of the leaf base. 

At dose rates of 300 r/day and above for 6 
weeks, the hybrid plants formed enations and 
multiple adventitious and axillary buds, result- 
ing in an almost total loss of organization (Fig. 
10). Enlargement of the left centre of Fig. 10 
shows how multiple, adventitious growth centres 
Fig. 11). The growth centre at the top 
and 


form 
showed some cellular breakdown was 
among the first-formed adventitious buds. After 
this centre was arrested, others probably formed 
laterally. The large, high vacuolated meristem 
in the centre, probably the true axillary bud, 
had produced a few highly vacuolated leaves 
and was shifting into a short shoot habit. 
Examples of stem enations are shown on the 
bottom right of Fig. 10. It would seem that local 
meristematic activity had produced stem pro- 


tuberances (three in this case) which were not 
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Table |. General description of the morphology and growth habits of control plants for two tobacco species and their F, hybrid compared 
with similar plants irradiated for 6 weeks at dose rates from 37-5-375 rjday 


Plant 
part 


General 


Stem 


lreatment 


Control 


Irradiated* 


Control 


Irradiated* 


N. glauca 
2n =24) 


Glaucous bloom covering 
leaf and stem surfaces. 
Purple pigmentation in 
top 1-2 cm of stem and in 
young leaves. 


Bloom same as controls. 
At 300-375 r the plants 
had more widespread pig- 
mentation. 


Simple main stem, 
branching only as plant 
maturity. Height 


very wot rly 


nears 
3-4 m, 


No stem elongation alter 4 
weeks above 225 r but 
they continue to thicken. 

Internodes drastically re- 
duced at and above 225 r. 
At 300-375 terminals 
suppressed and axillary 
buds develop, but they 
may be aberrant. 

During a recovery period, 
inhibited stems below 225 
r produced no new growth 
or grew from hypocotyl 
area of the stem. 


Leat 


Flower 


Control 


Irradiated* 


Control 


Irradiated* 


Range in shape from large 
cordate-ovate at base of 
plant to small lanceolate 
leaves on the upper vege- 
tative and floral axis. 

Soft, leather-like texture. 


Developing leaves receiv- 
ing from 75-225 r show 
irregularities ; irregular 
margins, crinkling of 
blade, and reduction in 
width. 

Old leaves unchanged and 
new leaves suppressed 
above 225 r. 

‘Texture 
and brittle. 


becomes coarse 


Flowers yellow. 

Tubular corolla 30 mm 
long with lobes less promi- 
nent than in WN. bigelovit. 


Reduced flowering at 225 r 
and none above this. 


N. bigelovii 
2n — 48 


Covered with viscid hairs 
with sticky secretions pro- 
ducing an unpleasant 
odour. 

Difficult to keep alive after 
flowering. 

Hairs unchanged. 
Response in general less 
than the other two stocks. 
No morphological re- 
sponse at or below 300 r. 


Strongly branching from 
base. 
Height 
slightly woody. 
Low, bushy plants. 


about 50 cm, 


As in all three stocks, stem 
growth is inversely pro- 
portional to the dose rate. 
At 375 r plants were only 
about 20 cm high and 
died by 7th week. 

At 300-375 r there was a 
swelling of upper nodal 
areas and the appearance 
of very thick, axillary 
short shoots. 


Rotund-elliptic blades 
with short, winged peti- 
oles at base of plant. 
Sub-sessile petiole with an 
ovate-lanceolate blade on 
the floral axis. 


Leaves changed very little. 
except for very slight 
thickening. 

At 375 r leaves are fewer 
in number and larger than 
at lower dosages. 


White flowers. 
Trumpet-shaped corolla 
about 40 mm long and 
flaring at the mouth. 
Flowers after 1 month. 
Flowering after 1 month 
except at 375 r. 


N. bigelovii » N. glauca 
=30 


Must use .V. bigelovii as the 
female parent. 


Irregularities in normal 
growth patterns resemble 
severe irradiation effects in 
the N. glauca parent. 

Irradiation accentuates 
growth irregularities. 


Height about | m. 

Stems vary from tall, erect, 
non-branching to short and 
bushy. 

Lateral branches may show 
same variability in growth 
habit as main axes. 
Multiple, axillary, aberrant 
short shoots develop at 300 r 
and above. Stem shortening 
marked at 150 rand above. 
Considerable stem thicken- 
ing at 300 r and above. 
Some stem enations develop. 
Leaf-like tumour areas de- 
velop on plants at 300 r and 
above. Most tumours are 
lateral and adaxial to the 
aberrant axillary short 
shoots. 

During a recovery period, 
stems below 225 r grew out 
normally. 


Petioles slightly shorter than 
in N. glauca, 

Blade shape varies on main 
axis and axillary shoots from 
cordate-ovate to narrow- 
lanceolate or ‘“‘strap-like”’ 
with irregular margins and 
surface. 

Leaf margins irregular, sur- 
face crinkled as in N. glauca. 
Leaf stunting and narrowing 
very marked above 150 r. 


Flowers white and with 
short, lobed floral tube, 
more nearly like NV. bigelovti 
than V. glauca. 


Reduced flowering at 225 r 
and none at higher doses. 


*All doses referred to are in r/day. 
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RESPONSES OF NICOTIANA AFTER CHRONIC GAMMA IRRADIATION 


Fic. 2. (a). Three young leaves from seedling Nicotiana bigelovii x N. glauca. Note 
extreme irregularity. (b). Three comparable leaves from same plant as in (a) but taken 
6 months later. Some loss of irregularity is evident. (c). Two leaves from a cutting of the 
same plant | year later. Note leaves are nearly regular in all respects. (d). Single leaf 
from an amphidiploid of the same hybrid. The regular leaf form suggests that morpho- 
logical irregularities in the diploids above might be due to chromosomal aberrations. 


Fic. 3. Branch of V. bigelovii plant exhibiting upper nodal areas with broad short shoots 
in the leaf axils after exposure to 300 r/day of gamma radiation over a 3 month period. 


(x 8.) 
Fic. +. Axillary bud developing as a short shoot with reduced leaves from a N. glauca plant 
exposed to 300 r/day for 3 months in the gamma field. Note leaf-like enations emerging 


from the mid-rib and margins of the petiole extending to the left. ( x 3.) 


Fic. 5. Stem of a NV. bigelovii x N. glauca plant which received 300 r/day for | month. 


Multiple, aberrant or tumorous shoots are evident in the axillary areas of leaves, which 
were removed for photographic purposes. (* 1.5.) 


Fic. 6. Enlarged view of one aberrant, adventitious shoot from the centre right of Fig. 5. 
An apical meristem surrounded by leaf-like projections in various stages of development 
is evident. Essentially the meristem has terminated in a ring of low mounds or leaf bases. 
Initially a few irregular leaves with poorly expressed plate meristem activity were formed 


in an ill-defined phyllotactic sequence. ( x 15.) 


Fic. 7. Enlargement of the tumour-like axillary and adventitious growths from one tissue 

mass in the lower right area of the shoot shown in Fig. 5. Multiple growth centres are 

evident, each producing highly aberrant leaf-like or stem-like outgrowths in a twisted, 
fasciated mass. ( x 8.) 
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Fic. 8 14. Sections from irradiated V. bigelovti x N. glauca plants. 


Fic. 8. Longitudinal section of tip of plant exposed to 225 r/day for | month. Note short 
shoot habit, high degree of vacuolation, leaf irregularities, and extensive vascularization. 
(x BA 


Fic. 9. Near-median section of bud shown in leaf axil on lower left of Fig. 8. Close 
inspection will show that the bud is actually on the adaxial leaf surface well above the 
leaf base, and the vascularization of the bud is continuous with that of the leaf well above 
the leaf base. Two smaller adventitious buds are forming from highly vacuolated, sub- 
surface, adaxial leaf cells (see arrows). ( 55. 


Fic. 10. Longitudinal stem section of a plant exposed for 6 weeks at 300 r/day. The 
original terminal apex is shown top right. As the terminal meristem became highly 
vacuolated or suffered some cellular breakdown, apical dominance was lost and multiple 
adventitious and axillary buds formed on the left to disrupt the normal growth pattern. 
Three small enations are shown on the right centre. ( * 16. 


Fic. 11. Enlargement of the active growth centres on the left and centre of Fig. 10. 
The first adventitious bud formed at the top shows some cellular break-down 
and will be succeeded by another growth centre. The large apical meristem, probably 
the true axillary bud, is highly vacuolated and inactive after producing only a few highly 
vacuolated leaves. The pith derivatives are elongating radially and approaching a short 
pith pattern as in Fig. 8. (x 50. 


Fic. 12. ‘Transverse section of stem near leaf base. A small meristematic area confronting 
the stem can be seen in the leaf base (arrow on upper left). Two pseudo-axillary adventi- 
tious meristems were forming in highly vacuolated cortical cells on either side and 
opposite to the growth centre indicated in the leaf. Due to the abnormal growth, note 
the nests of vascular cells scattered widely in the lower part of the section. ( « 50.) 


Fic. 13. Transverse section showing stem to the left and leaf base to the right. Note the 
very large meristematic area on the adaxial side of the leaf petiole. Such adventitious 
meristems may form anything from enations to short shoots. (x 20.) 


Fic. 14. ‘Transverse section of leaf petiole near the base. ‘here is the common 
adaxial meristematic activty on the left but also the formation of a recognizable apical 
meristem forming leaves on the upper right flank. Such highly organized and vascularized 
growth centres always give rise to aberrant short shoots. ( « 30.) 
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RESPONSES OF NICOTIANA AFTER CHRONIC GAMMA IRRADIATION 


vascularized above the base and did not become 
organized into apices. They merely produced 
leaf-like structures. 

In transverse section, the stele of a hybrid 
stem irradiated for 7 weeks at 300 r day was 
quite irregular in outline due to the disruption 
of the normal growth pattern by adventitious 
growth centres (Fig. 12). New growth centres 
may originate from the cortex (opposite arrow 
in Fig. 12) or on leaf bases, most commonly 
on the adaxial side (Fig. 12, 13) but laterally 
as well (Fig. 14). Such adventitious, pseudo- 
axillary buds develop to many degrees (Fig. 
t-7) depending upon the levels of radiation or 
exposure time, their position on the stem axis, 
their age, and whether or not they are vascu- 
larized. In general, the growth series from 
enations to organized meristems and from 
meristems developing leaf-like appendages to 
intumescences or modified short shoots represents 


an ontogenetic sequence. 


DISCUSSION 


Of the hybrids produced from parents of 


different somatic chromosome number, such as 
bigelovtt (2n—48) crossed with .\. glauca 
24), McCray! described the offspring 
as structurely more closely resembling the 
parent with the higher chromosome number, 
although this is not the general rule in .Vicotiana 
hybrids.“ He also noted a lack of morphological 
uniformity among certain F, hybrids. Some 
plants of bigelovtt glauca had “*numerous 
thick, rubbery, dark-coloured, curly, asym- 
metrical leaves growing close together’. This 
was confirmed for this hybrid by Kener and 
SmirH"” as well as in the present study. The 
corresponding amphidiploid,“” however, showed 
no such morphological abnormalities. 
GoopsPEED™ found that radiations from 
X-ray tubes and from radium produced both 
cytological and morphological abnormalities in 
five species of .Nicotiana. Similar effects have 
since been produced in other .Vicotiana species 
and also in a wide variety of other plants by 
various ionizing radiations.'® % 26 
The general reactions of plants to 
ionizing radiation take several forms. Besides 


the cytogenetic effects of radiations, reports of 


growth stimulation and growth reduction are 
numerous. The most frequent effect is a reduc- 
tion in size of the leaves formed during the radia- 


tion period for chronic exposures or of those 


which were immature at the time of treatment 
for acute exposures). In our experiments .\. 
glauca and the hybrid showed marked reduction 
in leaf growth, with .\V. g/auca the most sensitive, 
the hybrid intermediate (considering only an 
increase above the spontaneous or control 
response), and .\. digelovti relatively unatlected 
up to 300 r day. The reduced leaves resembled 
strap-like leaves in tobacco plants affected by 
“frenching’, a disease ascribed to mineral 
deficiency and or to the accumulation of free 
amino acids.“ An accumulation of free amino 
acids in aberrant irradiated leaves of tobacco 
has been found by HaGen and Guncket."”? 
These or other aberrant induced physiological 
changes may be an explanation for growth 
abnormalities, since a mutagenic effect is ruled 
out by the fact that retarded aberrant shoots 
may grow out and regain their normal appear- 
ance during a recovery period. Recovery would 
not be expected if somatic mutations had 
occurred. Further evidence for these growth 
abnormalities being due to induced physio- 
logical changes is provided by the work of 
SPARROW and ScHarreR™?) in which addition 


of TIBA (triiodobenzoic acid) to plants of 


another Nicotiana hybrid produced effects 
similar to those of radiation treatment. 

With regard to stem effects, digelovii 
showed little response while both the hybrid 
and .\. glauca exhibited an inverse relationship 
of stem height to radiation dosage above a 
threshold level of 150 r/day. Axillary stimulation 
which is usually associated with stem stunting 
was common, especially at high dosages. The 
production of multiple buds or shoots at the 


nodal regions as found in the present experi- 
ments has been cited by 
and Sparrow and SINGLETON,®! 
and Gunckev ef al. ' for many irradiated 
species. However, no satisfactory explanation 
for this phenomenon has been suggested. 
Kostorr’” reported that in many tobacco 
hybrids, hereditary tumours appeared where 
secondary branches should have formed. Later 
Kener and also found that certain 
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tobacco hybrids produced spontaneous genetic 
tumours. 

Ionizing radiation has been shown to in- 
crease markedly the tumour response or to 
induce new tumours." 8°32) In our experi- 
ments, .V. bigelovit x glauca and .N. glauca did 
not form spontaneous tumours, as reported by 
Hirrer and Izarp," but after irradiation both 
formed aberrant short shoots with rudimentary 
foliar appendages in the leaf axils. In addition, 
the irradiated hybrid produced short shoots in 
non-axillary positions, enations, and small 
disorganized intumescences or tumour-like struc- 
tures. Histologically, sections through — the 
ontogenetic series from enations to organized 
meristems with varying expressions of growth 
irregularities showed relatively little cellular 
breakdown, except at the highest dose rates 
300-375 r/day), but disorganization of the 
growth pattern through the formation of many 
adventitious growth centres occurred. When 
affected hybrid plants were removed from 
chronic gamma irradiation, normal growth 
occurred from previously affected parts up to 
225 r/day. 

Stem stunting and perhaps, also, the other 
associated morphological changes may be due 
to a reduction in auxin levels, which Gorpon™ 
has shown to result from the effect of ionizing 
radiation on the enzyme system which converts 
auxin precursor into active auxin. However, 


J (27) 


THopay,@ Sparrow el al and_ others,‘**? 


reported that radiation-induced stunting is due 


to chromosomal damage and/or inhibition of 


cell division related to chromosomal damage. 
In favour of an explanation based upon 
induced nuclear damage is the fact that the 
parental species differed in susceptibility to 
radiation. If allowance is made for spontaneous 
changes in the hybrid, then morphological 
instability was inversely related to the ploidy, 
except for the formation of stem tumours on the 
hybrid. In quite a number of different crosses, 
the use of .V. glauca as one parent is associated 
with instability.“* The fact that amphidiploid 


hybrid plants showed no spontaneous leaf abnor- 


malities is a further suggestion that cytogenetic 
alteration may be involved in the initiation of the 
morphological aberrations in the 36-chromosome 
hybrid. The .V. glauca parent must contribute 


physiological and/or cytogenetic instability to 
the .V. bigelovtti N. glauca hybrid and _ pre- 
sumably ionizing radiation accentuates the 
effect. The relative roles of these two possible 
causes need to be evaluated by more work. The 
reasons behind the formation of multiple, 
adventitious, axillary buds also should be 
investigated further. Perhaps bud development 
follows the scheme suggested for short shoots.“) 
It is possible that irradiation may initiate the 
first stage in lateral shoot development, i.e., 
opening of the bud and leaf expansion due to 
inhibition of apical dominance. It is postulated 
that insuflicient auxin levels derived from a 
failure of young leaves to develop properly or 
other biochemical disturbances in the plant 
could then prevent the second stage, i.e., elonga- 
tion of the axis. Such conditions could produce 
a short shoot, or could perhaps promote initia- 
tion of adventitious growth centres. These 
possibilities have been considered elsewhere, 
(5.6.8.9 but further experimental work will be 
required to elucidate the relative significance 


of the various possibilities. 
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THE EFFECT OF AGE OF SEED ON THE FREQUENCY OF 
SPONTANEOUS AND GAMMA RAY INDUCED CHROMOSOME 
ABERRATIONS 
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Abstract —Ihe ageing of onion seeds for one year more than doubled the frequency of 
spontaneous chromosome aberrations in the first divisions of the root tip cells. ‘The older seeds 
also showed about 50 per cent greater sensitivity to gamma radiation as measured by the 


increased frequency of induced chromosome aberrations. 


Résumé Le vicillissement de semences d’oignons, durant un an, double alors la fréquence 
(aberration spontanée de chromosomes dans la premié¢re division de la cellule de téte de la 
racine. Les semences plus vieilles montrent une sensibilité plus importante de 50 pour cent aux 
radiations gamma, tel qu’on l’a mesuré par Paugmentation de la fréquence des aberrations 


induites des chromosomes. 


Zusammenfassung — Durch das Altern von Zwiebelsamen wahrend eines Jahres hat sich die 
Haufigkeit der spontanen Chromosomenabweichungen in den ersten Teilungen der Wurzel- 
spitzenzellen mehr als verdoppelt. Die alteren Samen wiesen auch eine etwa 50 Prozent groéssere 
Emptindlichkeit gegentiber der Gammastrahlung aul, gemessen an der vermehrten Hautfigkeit 


der kiinstlich erzeugten Chromosomenabweichungen. 


Iv HAs long been known that the aging of seeds subjected to high temperatures with high 
increases the frequency of spontaneous chromo- humidity, produced seedlings with a_ high 
some aberrations and mutations. NAvVAsSHIN™ — frequency of chromosome aberrations, 
in 1933 found spontaneous chromosome aber- apparently due to the artificial aging effect of 
rations in only 0-1 per cent of Crepis tectorum high temperature and humidity. 

seedlings grown from fresh seed, but found that In 1934 CarTLEDGE and BLAKESLEE” re- 
80 per cent of the seedlings from 5-6 year old ported that Datura plants grown from 9-10 
seed had chromosome aberrations. In one — year old seed had about ten times as much pollen 
sample of old seed, in which the germination _ sterility as did plants grown from seed less than 
was 39 per cent, all surviving seedlings had a year old. In some cases the pollen sterility was 
chromosome aberrations. This l000-fold in- associated with obvious chromosome aberrations, 
crease in chromosome aberrations induced by — but in progeny with apparently normal chromo- 


the age of the seed was comparable to the some complements, the pollen sterility was 


aberration frequency induced in fresh seeds by attributed to “gene mutation” resulting from 
3000 r of X-rays. the aging of the seed. 


At about the same time Pero”? found similar The effect of aging of the seed on the induc- 


aging effects in maize. He found no chromosome tion of recessive gene mutations of leaf and 


aberrations in seedlings from 6 month old seeds, flower characters was reported by Sruspe™ in 
but in seedlings from 6 year old seeds he found = 1935. He found that Antirrhinum plants grown 
that 25 per cent of them possessed chromosome from 10 year old seeds had 7 times as many 


aberrations and many had chlorophyll muta- mutations as did plants grown from 6 year old 


tions. Pero also found that fresh barley seeds, seeds. Srusse® also found that the aging of 


*Permanent Address—Bishop Hollow Rd., Media, Pa. 
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Antirrhinum pollen also increased the mutation 
rate. Pollen aged for 10 weeks before pollination 
produced more than twice as many mutations 
as did pollen aged for 4 weeks before pollina- 
tion. ‘The aging effect is more rapid in the pollen 
than it is in the seeds of Antirrhinum. 

Nicuots® found a rapid aging effect in 
onion reflected in the 
chromosome aberrations. Root tips from | year 
old seeds had chromosome aberrations in only 
2-4 per cent of the cells while those from 3-4 
year old seed had aberrations in 12-7 per cent 
of the cells. He also found that the chromosome 
aberrations induced in the dormant seeds were 


seeds as 


rapidly eliminated after several divisions of the 
root tip cells. Root tips 2-5 mm long, involving 
the first cell divison following germination of the 
older seed, had aberrations in about 10 per cent 
of the cells. Division 
roots 10-12 mm long had aberrations in about 
6 per cent of the cells, while division figures from 
roots 80-100 mm long had aberrations in only 
1-7 per cent of the cells. These results show the 
necessity for obtaining the aberration frequency 
from the first cell following seed 
germination in order to obtain the true aberra- 
tion frequency induced by aging the seeds and 


divisions 


to insure comparable results. 
More recently it has been shown that aging 


of seeds not only increases the frequency of 


spontaneous chromosome aberrations, but also 
increases the sensitivity of the chromosomes to 
the effects of X-rays. and GuNTHARDT™ 
found that the frequency of spontaneous chromo- 
somes in root tip cells of wheat increased with 
the age of the seed—from 0-02 per cell in | year 
old seed to 0-43 per cell in 17 year old seed. 
Seeds of various ages were exposed to X-ray 
doses of 1000, 2000, 3000 and 4000 r. The 
aberration frequency in these irradiated seeds, 
less the frequency of spontaneous aberrations in 
comparable age groups, gives the aberration 
frequency induced by irradiation. It was found 
that X-ray induced aberrations averaged about 
4-0 per cell in the 1 and 3 year old seed and 
about 5-5 per cell in the 13 and 17 year old seed. 
Thus the aging of the seed for 12 to 14 years 
increased their sensitivity to X-rays, as measured 
by induced chromosome aberrations, by about 
40 per cent. 
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figures from root tips of 
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Somewhat comparable results have been 
obtained with human tissue culture cells by 
Sax and Pasano.‘® These cultures were started 
in February and were transferred to fresh culture 
medium every 3 or 4 days. Samples taken in 
March showed 3-8 chromosome aberrations per 
100 cells, in April 5:3, in May 7-3 and in June 
8-0. An X-ray given in June 


produced 55 aberrations per 100 cells. The total 


dose of r 
aberration frequency of 55, less the spontaneous 
frequency of 8 found in the June cultures, 
leaves about 47 aberrations per 100 cells which 
can be attributed to the effect of 25 r of X-rays. 
Some of these aberrations were of the 2-hit type, 
but assuming that all were of the 1-hit type, 
which should show a linear increase with the 
X-ray dose, a dose of 50 r should produce 
deleterious or lethal aberrations in nearly all of 
the tissue culture cells. Although no X-ray tests 
were made with fresh cultures, the fact that the 
mean lethal dose for entire body radiation is 
400-600 r, indicates that the age of the tissue 
culture cells, and/or the effects of the tissue 
culture environment, increases. the 
sensitivity of these human tissue culture cells 
to X-rays. 


greatly 


THE EFFECT OF AGE OF ONION SEED ON 
SPONTANEOUS AND INDUCED CHROMOSOME 
ABERRATIONS 

Seeds of Allium cepa 
experiments because they are known to age 
rapidly and the large chromosomes facilitate 
the analysis of chromosome aberrations. Seeds of 
the variety Silver Skin were provided by the 
Wyatt Quarles Seed Company of Raleigh, N.C. 
The seed was grown by the Charter Seed Com- 
pany of Twin Falls, Idaho. Seeds of the 1958 
and 1959 crop were kept in common storage 
without refrigeration both in Idaho and North 


were used in these 


Carolina. 

The experiments were started in December 
1960. The seeds from the 1958 and 1959 crops 
were divided into two lots. One lot was saved 
for the control experiment. The other lot from 
each crop was given about 1200 r of gamma rays 
(30 r/min) from the cobalt source in the Textile 
Department of North Carolina State College 
under the supervision of Dr. Armstrong. At 
intervals the samples of control and irradiated 
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THE EFFECT OF AGE OF 


SEED ON SENSITIVITY 


Table 1. Effect of age of seed on the frequency of spontaneous and gamma ray induced chromosome aberrations in root tip 


cells of Allium cepa 


Chromosome 
1958 Crop 
Date Control 


12/60 


1? 
12/30/60 


Ave. 


values 


Rayed 


aberrations per 100 cells 


1959 Crop 
Control 
10 
11 
17 
16 


14 


seeds of each year were germinated. When the 


roots were 4-5 mm long they were fixed in 
alcohol-acetic for 24 hr or more, the root tips 
were then transferred to a drop of aceto-orcein 
with HCl and heated briefly, transferred to 
and for cytological 
The 


scored at anaphase included single and double 


aceto-carmine squashed 


examination. chromosome aberrations 
dot deletions, single and double rod deletions 
and single and double chromosome bridges. 
Four series of tests were made and each test 
included four replications, each involving about 
100 division figures. A total of 8553 cells were 
examined. The results summarized in 
Table 1. 

The 1958 had 2-5 many 
spontaneous chromosome aberrations per 100 


are 


seeds times as 
cells as the 1959 seeds. The gamma radiation 
greatly increased the aberration frequency in 
both of The effect of the gamma 
irradiation alone was measured by subtracting 


lots seed. 
from the total aberrations in the irradiated seed 
the aberration frequency found in the control 
seed (R—C). For the 1958 seed the average value 
was 55; for the 1959 seed it was 39. The effect 
of seed age on radiation sensitivity was then 
measured by subtracting the radiation induced 
aberrations in the 1959 seeds from the radiation 
induced aberrations in the 1958 seeds (R—C) 

(R-C). These differences are shown in the last 
column of Table. 1. The average difference is 
16 aberrations per 100 cells. Although there was 
considerable variation in different experiments 
a comparison of the 1958 and 1959 frequencies in 


each of the 16 experiments (four for each of the 
tests summarized in Table 1) shows that the 
average difference is statistically significant. ‘The 
value of t was found to be 2-9, which, for the 
value of N-1=15, gives a value of P=0-01. 

The aging of the onion seed for only one year 
increased the sensitivity to gamma rays about 
46 per cent. This is about the same percentage of 
increase in radiation sensitivity as was found by 
NiLan and GuNTHARDT in wheat seeds aged for 
12-14 years. Onion seeds age much more rapidly 
than do wheat seeds, as measured by spon- 
taneous aberration frequency, increase in radia- 
tion sensitivity with age, and viability. 

There is considerable correlation between loss 
chromosome 


seed viability, 


aberrations, sensitivity to ionizing radiation and 


of spontaneous 
mutation frequency with the aging of seeds. It 
seems probable that chromosome aberrations 
are involved in loss of viability and increase in 
mutation rate, but the factors involved in 
increased chromosome aberration frequency and 
increased sensitivity to ionizing radiation with 
the age of the seed are unknown. SruBBeE has 
suggested that chemical changes in the aging 
seed may be responsible for the increase in 
chromosome aberrations and mutations. 

It has long been known that X-rays induce 
more rapid aging in mammals. It would be of 
interest to determine if X-rays age seeds by 
increasing the rate of subsequent spontaneous 
chromosome aberration. Experiments along 
these lines are now in progress at Oxford 
University. 


82 ‘ 
| R-C (R-C) - (R-C) 
P| 85 34 51 14 34 17 
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ROOT ABSORPTION OF FISSION PRODUCTS BY BROMUS 
RUBENS L. FROM THE AEC NEVADA TEST SITE SOIL 
CONTAMINATED BY AN UNDERGROUND NUCLEAR 
EXPLOSION* 


H. L. MILLS} and L. M. SHIELDS? 


Department of Biology, New Mexico Highlands University, Las Vegas, New Mexico 


Abstract By the Neubauer type of culture, Bromus rubens L. plants were grown to maturity 
in soil from a crater formed by an underground nuclear detonation (Blanca event) at the 
Nevada ‘lest Site. Plants and soil were analysed to determine the extent of root absorption of 
fission products. Of total plant radioactivity, ruthenium-rhodium-106 comprised 42:3 per 
cent; strontium-yttrium-90, 46-6 per cent, Lanthanide Rare Earths (certum-praseodymium- 
144), 10-2 per cent and zirconium-niobium-95, 0-9 per cent. Of the total soil radioactivity, 
the combined leaf-stem-inflorescence-grain portions of the total crop were found to contain 
0-34 per cent of the strontium-yttrium; 0-065 per cent of the soil ruthenium-rhodium-106; 
0-0625 per cent of the zirconitum-niobium-95; and 0-01125 per cent of the soil Lanthanide 
Rare Earths. Activity ratios of plant/soil showed absorption coefficients of 36 for strontium- 
yttrium; 3-3 for ruthenium-rhodium-106; 0-63 for Lanthanide Rare Earths; and 0-3 for 
zirconium-niobium-95. Absorption coefficients for leaf-stem fractions were 29-1 for strontium- 
yttrium: 6-5 for ruthenium-rhodium,; 1-75 for Lanthanide Rare Earths; and 0-61 for zirconium- 
niobium. Absorption coefficients for grain-inflorescence fractions were 13-04 for strontium- 
yttrium; 2-1 for ruthenium-rhodium: 0-2 for zirconitum-niobium; and 0-175 for the Lanthanide 
Rare Earths. On a comparative dry weight basis, the leaves-stems portion accumulated a 
higher percentage of soil radioactive contaminants than the inflorescence-grain portion. While 
comprising only 29 per cent of total plant dry weight, the leaves-stems tissues accumulated 
80-35 per cent of the Lanthanide Rare Earths, 55-8 per cent of the ruthenium-rhodium-106, 
55-1 per cent of the zirconitum-niobium-95, and 47-6 per cent of the strontium-yttrium-90. ‘The 
grain-inflorescence tissues, while comprising 71 per cent of the total plant dry weight, accumu- 
lated 52-4 per cent of the strontium-yttrium-90, 44-9 per cent of the zirconium-niobium-95, 
44-2 per cent of the ruthenium-rhodium-106, and 19-65 per cent of the Lanthanide Rare 
Earths. Leaf-stem accumulation shows ratios of 2:77 for Lanthanide Rare Earths, 1-97 for 
ruthenium-rhodium-106, 1-94 for zirconium-niobium-95, and 1-63 for strontium-yttrium-90. 
Grain-inflorescence accumulation shows ratios of 0-277 for the Lanthanide Rare Earths, 
0-635 for ruthenium-rhodium-106, 0-649 for zirconium-niobium-95, and 0-728 for strontium- 


yttrium-90, 


Résumé—Sur de cultures selon Neubauer, on a cultivé, jusqu’a maturité complete, 
Bromus rubens 1.., dans de la terre provenant d’un cratére créé par une explosion nucléaire 
souterraine (cas Blanca) faite dans la région d’essai de Nevada. On a ensuite procédé a des 
analyses de la terre et des plantes ceci pour déterminer dans quelle mesure les racines avaient 
absorbé les produits de fission. De la radioactivité totale des plantes, ruthénium-rhodium-106 
constituait 42,3 pour cent, strontium-yttrium-90 46,6 pour cent, lanthanide-terres rares 
cérium-praséodyme) 10,2 pour cent et zirkonium-niobium-95 0,9 pour cent. On a trouvé} 
de la radioactivité totale de la terre, dans les feuilles, tiges, inflorescences et grains réunis de la 
récolte totale, 0,34 pour cent du strontium-yttrium, 0,065 pour cent du ruthénium-rhodium, 


*Work performed under contract No. AT-(29-2)-517, Atomic Energy Commission, Division of Biology 
and Medicine, Environmental Sciences Branch and Civil Effects Test Operations (CEP-59.3), Mercury, 
Nevada. 

¢Present address: Marshall University, Huntington, West Virginia. 
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0,0625 pour cent du zirkonium-niobium-95 et 0,01125 pour cent de la lanthanide - terres 
rares. Le rapport de lactivité des plantes et du sol accusait des coefficients d’absorption de 36 
pour le strontium-yttrium, de 3,3 pour le ruthénium-rhodium-106, de 0,63 pour la lanthanide- 
terres rares et de 0,3 pour le zirkonium-niobium-95. Les coefficients d’absorption pour les 
feuilles et tiges étaient de 29,1 pour le strontium-yttrium-90, de 6,5 pour le ruthénium- 
rhodium-106, de 1,75 pour la lanthanide-terres rares et de 0,61 pour le zirkonium-niobium-95. 
Les coefficients d’absorption pour les grains et les inflorescences étaient de 13,04 pour le 
strontium-yttrium-95, de 2,1 pour le ruthénium-rhodium-106, de 0,2 pour le zirkonium- 
niobium-95 et de 0,175 pour la lanthanide-terres rares. Lorsqu’on compare les poids secs, on 
constate que les feuilles et le tiges ont accumulé un pourcentage plus élevé de contaminations 
radioactives du sol que les inflorescences et les grains. Les tissus des feuilles et des tiges ne 
constituaient que 29 pour cent du poids sec total des plantes, mais ils avaient accumulé 80,35 
pour cent de lanthanide-terres rares, 55,8 pour cent du ruthénium-rhodium-106, 55,1 pour cent 
du zirkonium-niobium-95 et 47,6 pour cent du strontium-yttrium-90. Les tissus des grains et des 
inflorescences qui constituaient 71 pour cent du poids sec total des plantes, avaient accumulé 
52,4 pour cent du strontium-yttrium-90, 44,9 pour cent du zirkonium-niobium-95, 44,2 pour 
cent du ruthénium-rhodium-106 et 19,65 pour cent de lanthanide-terres rares. Le rapport 
d’accumulation dans les feuilles et les tiges accusait des valeurs de 2,77 pour la lanthanide- 
terres rares, de 1,97 pour le ruthénium-rhodium-106, de 1,94 pour le zirkonium-niobium-95 et 
de 1,63 pour le strontium-yttrium-90. Le rapport d’accumulation dans les grains et les 
inflorescences accusait des valeurs de 0,277 pour la lanthanide-terres rares, de 0,635 pour le 
ruthénium-rhodium-106, de 0,649 pour le zirkonium-niobium-95 et de 0,728 pour le strontium- 


vttrium-90, 


Zusammenfassung In Neubauer’schen Kulturen wurde Bromus rubens L. bis zur Vollreite 
in Erde herangezogen, die von einem Krater stammte, welcher durch eine unterirdische 
Kern-explosion (Explosion Blanca) auf dem Versuchsgelande in Nevada entstanden war. 
Pflanzen und Boden wurden analysiert um festzustellen, in welchem Masse die Wurzeln 
Spaltprodukte aufgenommen hatten. Ruthenium-Rhodium-106 machten 42,3  Prozent, 
Strontium-Yttrium-90 46,6 Prozent, Lanthanid-seltene Erden (Zer—-Praseodym-144) 10,2 
Prozent und Zirkonium-Niobium-95 0,9 Prozent der gesamten Radioaktivitét der Pflanzen 
aus. Von der Gesamt-Radioaktivitat des Bodens fand man in den Blattern, Stielen, Bliiten- 
stinden und Koérnern der Gesamternte 0,34 Prozent Strontium-Yttrium, 0,065 Prozent 
Ruthenium-Rhodium-106, 0.0625 Prozent Zirkonium-Niobium-95 und 0,01125 Prozent 
Lanthanid-seltene Erden. Das Aktivitats-Verhaltnis von Pflanzen und Boden zeigte Absorp- 
tions-Koeffizienten von 36 fiir Strontium-Yttrium, 3,3 fir Ruthenium-Rhodium-106, 0,63 fur 
Lanthanid-seltene Erden und 0,3 fiir Zirkonium-Niobium-95, Die Absorptions-Koeffizienten 
fur Blatter und Stiele betrugen 29,1 fur Strontium-Yttrium-90, 6,5 fir Ruthenium-Rhodium- 
106, 1,75 fiir Lanthanid-seltene Erden und 0,61 fur Zirkonium-Niobium-95. Fiir Korner und 
Bliitenstande betrugen die Absorptions-Koeffizienten 13,04 fiir Strontium-Yttrium-90, 2,1 fiir 
Ruthenium-Rhodium-106, 0,2 fir Zirkonium-Niobium-95 und 0,175 fur Lantanhid-seltene 
Erden. Vergleicht man die Trockengewichte miteinander, so speicherten Blatter und Stiele 
einen héheren Prozentsatz von radiaktiven Bodenverunreinigungen, als die Bliitenstande und 
Korner. Das Gewebe von Blattern und Stielen machte nur 29 Prozent des gesamten ‘Trocken- 
gewichts der Pflanzen aus, akkumulierte aber 80,35 Prozent der Lanthanid-seltene Erden, 
55.8 Prozent des Ruthenium-Rhodium-106, 55,1 Prozent des Zirkonium-Niobium-95 und 
47,6 Prozent des Strontium-Yttrium-90. Das Gewebe von Kérnern und Blitenstanden 
speicherte, obwohl es 71 Prozent des gesamten Trockengewichts der Pflanzen ausmachte, nur 
52.4 Prozent Strontium-Yttrium-90, 44,9 Prozent des Zirkonium-Niobium-95, 44,2 Prozent 
des Ruthenium-Rhodium-106 und 19,65 Prozent des Lanthanid-seltene Erden. Das Akkumu- 
lationsverhaltnis von Blattern und Stielen zeigte Werte von 2,77 fiir Lanthanid-seltene Erden, 
1,97 fur Ruthenium-Rhodium-106, 1,94 fiir Zirkonium-Niobium-95 und 1,63 fir Strontium- 
Yttrium-90. Das Akkumulations-Verhaltnis von Koérnern und Bliitenstanden zeigte Werte von 
0,277 fiir Lanthanid-seltene Erden, 0,635 fiir Ruthenium-Rhodium-!06, 0,649 fiir Zirkonium- 
Niobium-95 und 0,728 fiir Strontium-Yttrium-90. 
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ROOT ABSORPTION OF FISSION PRODUCTS BY BROMUS RUBENS 


INTRODUCTION 
investigations have considered vegeta- 
tional uptake of the various radionuclides 
resulting from the fission of and 
Plant uptake of these isotopes has been studied 


(13°19) clay suspensions,” 


using nutrient solutions, 
various soil types contaminated with specific 
isotopes, and soils contaminated with 
the mixed fission products of actual nuclear 
explosions.‘*!* In addition, several studies have 
been concerned with the uptake of various 
radioisotopes from the waste disposal areas of 
nuclear reactors.“ 

Fission products, constituting fallout materials, 
may enter the plant through (1) aerial con- 
tamination and subsequent foliar absorption or 
2) root absorption from fallout deposited in the 
soil. Inasmuch as above-ground plant parts 
may be eflicient accumulators of fallout in the 
size range of 0-44u ,0%! it has been difficult in 
field studies to differentiate between root 
absorption and foliar absorption. The resolution 
of this problem is of considerable importance 
if the long-term effects of fallout are to be 
evaluated accurately. 

The present study was undertaken to assess 
the extent of accumulation in the above-ground 
plant parts resulting from root absorption of 
fission products. The experimental plant chosen 
was a grass having a fibrous root system which 
characteristically is located surface soil 
retaining most of the fallout materials. 


Description of the soil area 

The soil in which the plants were grown was 
collected in late November 1959, from the crater 
formed by an underground nuclear detonation 
Blanca event, October 30, 1958, Hardtack, 
Phase Il, NTS—-31). The shot chamber was 


entrenched in the east incline of Rainier Mesa 


i 
35 ft below the nearest surface point. The 


8: 
detonat on, estimated energy yield 19-23 kilo- 
tons, initially heaved a section of the mesa slope 
approximately 1500 ft in diameter. Subse- 
quently, a radioactive cloud was emitted from 
the crater formed by collapse of the chamber 
beneath. 

The soil collected appeared characteristic of 
the mesa slope surface. It was a mixture of 
alluvium with a high proportion of white and 


light-coloured tuff (indurated — pyroclastic 


materials), with rhyolite, dacite, latite and 
basalt represented, and contained both lime- 
stone and dolomite. ‘Total calcium was 0-54 
per cent. The soil was sandy in texture. The 
pH was 6°8 in a |: 1 dilution and in a I: 5 
dilution was 7:2. 

The collections consisted of the top few inches 
of material from areas where plants, Amsincktia 
tesselata in particular, were growing within the 
crater and where gamma readings continued at 
20-30) mr/hr. 


The experimental plant 

Bromus rubens L. is a small introduced annual 
grass which grows in quantity at the Nevada 
Test Site. It attains a height varying from 6 to 
16 in. It germinates readily and matures in less 
than 100 days. The mature plant terminates in 
a compact panicle composed of from four to 
six spikelets with four to eleven flowers each. 
The seed grain for this investigation was col- 
lected between 12 May and 12 June, 1959, at 
the Nevada ‘Test Site.* 

The grain was prepared for germination by 
steeping for } hr in water to which a small 
amount of wetting agent had been added. The 
grain was then transferred to petri dishes where 
it was allowed to germinate for | day. Subse- 
quently, it was planted at the bottom of a | in. 
layer of vermiculite covering the approximately 
1} in. depth of contaminated soil (400 g of air- 
dry soil which had been screened with a | mm 
sieve to remove the larger particles). 

Tap water was added as needed in amounts 
which did not saturate or flood the soil. Care in 
watering prevented the movement of radio- 
active materials to the dry top layers of the 
vermiculite, with possible external contamina- 
tion of the aerial plant parts. Any soluble 
radioactive materials removed from the soil by 
water were retained on the ion-exchange sur- 
faces of the lowermost layers of the vermiculite. 

All of the above-ground parts were harvested 
when the grain was mature (78 days). The 
following quantities were determined: dry 
weights (oven-dried) of (1) leaf-stem portion, 
2) grain-inflorescence portion, and (3) of the 

*The seeds were collected by Dr. W. H. Rickard, 
Ecologist, New Mexico Highlands University. 
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whole above-ground parts of the plants. The 
leaf-stem portions and erain-inflorescence por- 
tions were separately analysed for their content 


of radioactive materials. 


Radiochemical analyses and radwoactivity determinations 

Radiochemical analyses were performed in 
the radiochemical assay laboratories at the 
Nevada ‘Test Site.* 
conducted both by the Reynolds Electrical and 
Engineering Company, Inc., at the Nevada ‘lest 


Site. and in the New Mexico Highlands Uni- 


Gross beta assays were 


versity laboratories. Gamma spectra det rmina- 
tions of the soil were carried out also at the Los 


Alamos Scientific Laboratories. 


|. Bromus he vegetation samples 


were weighed after drying overnight at 105°C. 


samples. 


Phe samples were wet-ashed with nitric acid and 
hydrogen peroxide and then dissolved in a nitric 
acid solution. Activities of plant materials agreed 
within | per cent with aliquots after complete 
dissolution. The solution was filtered with HA 


millipore filters to remove the limited amount of 


insoluble residue, if any, which may have been 
present. The filter and an aliquot of the solution, 
evaporated in a stainless steel dish, were assayed 
for beta emitters. The filter contained a negli- 
gible fraction (less than -OOl per cent of the 
total radioactivity. Duplicate aliquots of the 
solution, two samples spiked with strontium- 
yttrium-90 standard, and a blank were analysed 
for strontium by precipitating twice as strontium 
nitrate from 80 per cent nitric acid, scavenging 
once with cerium (ous) hydroxide, then pre- 
cipitating strontium carbonate. The carbonate 
precipitate was collected on a HA millipore 
filter and assayed immediately for beta emitters, 
using the thin window gas-flow proportional 
detector. Yttrium-90 was allowed to establish 
equilibrium with strontium-90, and the filter 
was assayed again for beta emitters. The ratio 
of these two counts compared with the ratio for 
the samples spiked with the strontium-yttrium- 
90 standard indicated that all of the radio- 
strontium was strontium-90, 
Ruthenium-rhodium-106, zirconium- 
niobium-95, and cerium-praseodymium- | 14 
were determined by gamma pulse height analyses 
*We wish to express appreciation to Mr. E. L. 
Geiger and his staff who performed these analyses. 
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using a 4 in. x4 in. sodium iodide (Tl) crystal 
and a RCL 256 channel pulse height analyser. 
Standard samples of each radionuclide were 
used to correct for Compton scatter and to 
convert gamma c/m within the full energy peak 
to absolute activity. 

2. Soil samples. The soil radiochemical 
analyses were identical to the analyses for the 
vegetation samples except that the method of 
sample preparation was different. Complete 
dissolution was obtained on aliquots of the 
dried and weighed soil by repeated treatments 
with nitric and hydrofluoric acid solutions 


iV HNO, plus 0-1.V HE 


had been volatized and a clear solution with no 


until all of the silica 


visible residue remained. The solution was 
filtered with a HA millipore filter and analysed 
as described for Bromus 


in the same way 


samples. 


Radioactivity determinations 
Different procedures were followed in’ ob- 
from solutions 


taining: (1) gross beta counts 


2) strontium-yttrium (from precipitates on 


filter paper) and (3 other radionuclides (from 
gamma well scintillation counting). For this 
reason, the data had to be normalized to a single 
mode of counting before the quantities could be 
summated for the 


whether or not they accounted for all of the 


purpose of ascertaining 


radioactivity. This was done by evaporating 
aliquots of standard solutions of each of the 
radionuclides in stainless steel dishes the same 
way the gross beta was determined. In this way 
the efliciency of the beta detector for each of the 
radionuclides was determined. The absolute 
values obtained by other methods were con- 
verted to beta counts-per-minute for summation 
purposes. After normalizing the results to the 
| May 1960 for soil 
the in- 


dates of gross beta assay 
and 26 April 1960 for plant samples), 
dividual beta c/m values were then added 
together and compared with the gross beta c/m 
obtained for an aliquot of the solution. These 
computations indicated that the data accounted 
for all of the radioactivity of the sample. This 
conclusion was supported by the fact that no 
other gamma emitters were evident in the 
spectrum of the soil 
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Samma spectrum 


Bianca soil 26 January 


> 


3 


Fic. 1. Gamma spectrum of soil 15 months following contamination by venting of an 


underground nuclear detonation 


The accuracy of each radiochemical measure- 


ment (the counting error) was within 5 per 
cent (90 per cent confidence limits). In all cases, 
the sum of the individual nuclide values agreed 
with the total beta values within lO per cent, 
which is the error associated with each total 


value for both soil and plant determinations. 


RESULTS 


Radiochemical analyses of the contaminated 


soil from the Blanca site yielded the values given 


abundant 


in Table 1, The 


radionuclides comprised the Lanthanide Rare 


column A. most 


Earths. These include elements which are 


difficult to 
numbers ranging from 57 to 71 of the periodic 


separate, with atomic ordinal 
table. The gamma spectrum of this soil (Fig. | 
indicates that cerium-praseodymium-144 con- 
stitutes a major portion of this soil component. 
Ruthenium-rhodium-106 also is a major con- 
taminant. Zirconium-niobium-95 and strontium- 
yttrium-90 constitute but a small fraction of the 
total contamination. 

Radiochemical 
that, of the 


the stem-leaf fractions, ruthenium- 


analyses of Bromus plants 


showed radioactive nuclides ab- 


sorbed by 
rhodium-106 was present to a greater extent 


Blanca 


at the Nevada ‘Test Site. 


than the other fission products (43-8 per cent). 
For the fraction, strontium- 
yttrium-90 constituted 40-2 per cent of the 
absorbed radioactivity. The Lanthanide Rare 
Earths in this 15-01 per 
cent of the total. Zirconium-niobium-95 were 


leaf-stem 


fraction contributed 
but little absorbed (0-9 per cent). In the grain- 
inflorescence fraction strontium-yttrium-90 con- 
tributed 53-1 per cent of the total radioactivity ; 
ruthenium-rhodium-106, 41-6 
Rare 4-42 per cent; 
zirconium-niobium-95 only 0°88 per cent. 


Lan- 
and 


per cent; 


thanide Earths, 

In the Neubauer“ !*!®) type of culiure used in 
these studies it is possible to express the per- 
the 
Table 1, column D). 


centage utilization by crop grown on a 
specific quantity of soil 
It is also possible to determine absorption 
coefficients for plant portions which compare 
the tissue activity with the soil activity on a 
unit Table 1, 


parisons indicate that strontium-yttrium, while 


basis column C). These com- 
constituting only a small fraction of the total 
soil contamination, was more easily absorbed 
by the plants than the other contaminants. 

For many purposes, it is not sufficient to know 
the percentage utilization or absorption co- 
efficients. The actual values for vegetational 
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Table 1. Activities of Bromus rubens L., absorption coefficients and percentage utilization of absorbed nuclides 


A 


Soil 
Radionuclides (uc/100 g) 
Activity Lealf- 
stem 
Lanthanide Rare Earths 2-85 0-05 
Ruthenium—Rhodium-1!06 2-23 0-146 
Zirconium—Niobium-95 0-49 0-003 


Strontium-—Y ttrium-90 0-134 


B 
Plant Activity 
(uc/100 


C D 

Absorption 
Coefthicients* Percentage 
Utilizationt 
Grain- 


Leaf- Grain- 
inflorescence stem inflorescence 
0-005 ‘75 0-175 0-0125 
0-047 6-54 0-065 
0-001 0-61 0-20 0-063 
0-06 29-13 13-04 0-347 


*Absorption coefficient 


Activity of soil (uc/100 g) 


+Percentage utilization 


Activity of soil 


radionuclide levels become important in any 
evaluation of radiation hazards to man either 
from food-chain relationships or vegetable food 
consumption. ‘Table 2 shows radioactivity levels 
in both stem-leaf and grain-inflorescence por- 


tions. On a_ per-average-plant basis, levels of 


strontium-yttrium and zirconium-niobium are 
similar in both plant portions. The ruthenium- 
rhodium and lanthanide isotopes are more 
abundant in the leaf-stem tissues than in the 
grain-inflorescence tissues. On a unit dry weight 
basis, however, the leaf-stem portions accumu- 
lated much more of all radionuclides than did 
the grain-inflorescence Strontium- 
yttrium radioactivity shows the least difference 


portions. 


in these two plant portions. 

In order to take into consideration differences 
in tissue accumulation, the of the 
analysed fractions have been compared with 


activities 


total plant activity to give accumulation ratios 
Table 3). The leaf-stem portions accumulate 
2-77 times the overall plant Lanthanide Rare 
Earth activity while the grain-inflorescence 
portions have activities 0-277 of the overall 
plant activity. Thus, the leaf-stem portions 
accumulate ten times the grain-inflorescence 
level of these radionuclides. For ruthenium- 
rhodium and zirconium-niobium, the accumula- 
between leaf-stem and 
approximates a 


ratio differential 


tion 
grain-inflorescence 


yrtions 


Activity of plant part (uc/100 g) 


Activity of plant crop (uc/7 75 g) 


uc/400 ¢ 


100 


x 100 


ratio: 
differential 


Strontium-yttrium shows the least 
(2-9 +1) 


DISCUSSION 

The soil ruthenium level was unexpectedly 
high, judging from the data of HuNTER and 
BatLou® for the relative abundance of fission 
products one year after nuclear detonation. 
These workers report that ruthenium-rhodium- 
106 levels comprise 4-8 per cent of residual 
activity. Our data show approximately 37 per 
cent of total soil radioactivity to be due to 
ruthenium. Our soil data are in close agreement 
with the findings of for the 
Lanthanide Rare Earths (53 per cent for cerium- 
praseodymium-l44+ compared to the present 
47 per cent) and for strontium-yttrium-90 
3-6 per cent compared to our 3-8 per cent). 
However, our zirconium-niobium-95 findings 


these workers 


were considerably lower than the Hunter-Ballou 
data (22-3 per cent compared to our 8-0 per 
cent 

Many of the published results of investigations 
dealing with plant uptake could not be compared 
with the present study inasmuch as, in many 
instances, plant yield data (where given) could 
not be related to the radioactivity levels stated. 
PatumBo"®” shows that, of the radioactivity in 
the alga, Halimeda, exposed to contamination at 
tests on Eniwetok, Belle, in 1956, 31 per cent 
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Table 2. Radioactivity of Bromus rubens L. plants 


Radioactivity Per Average Plant Radioactivity Per Gram Dry Weight 
Leal- 


stem 


Grain- 
inflorescence 


Leat- Grain- 


stem 


Racionuclhides 


inflorescence 


per cent per cent per cent per cent 


Lanthanide Rare Earths 19-6 199-5 9] -2 8-8 


Ruthenium-—Rhodium- 106 1435-0 19-9 


Zirconium Niobium-95 29-0 


Strontium- Yttrium-90 600 


vot-absorbed radionuclides in the above-ground portions of Bromus rubens L. 


Activities (uc/g Accumulation Ratios* 


Radionuclides 
Inflor- 


Entire above- Leal-stem Inflorescence- _Leaf-stem escence- 


ground portion portion grain portion portion grain 


portion 


Lanthanide Rare Earths ~ 5: . 2-77 0-277 


Ruthenium—Rhodium-106 0-635 


Zirconium—Niobium-95 


0-649 


Strontium-90 3: “6: 0-728 


Y ttrium-90 > 6 0-7 


activity of leaf-stem weight of entire above-ground portions 
*Leaf-stem accumulation ratio 


weight of leaf-stem activity of entire above-ground portions 


activity of inflorescence-grain weight of entire above-ground portions 
Inflorescence-grain accumulation ratio 


weight of inflorescence-grain activity of entire above-ground portions 


that these 


radionuclides by crop plants occurred. 


was from ruthenium-106. ‘The presently reported indicate virtually no uptake of 


data for the Lanthanide Rare Earths (10-2 per 


cent) closely agree with Palumbo’s data for While the uptake of strontium and yttrium 


cerium-praseodymium-144 of 9 per cent and 
for the Pandamus data of Wetss."” 

Our plant uptake data are in close agreement 
with the levels reported by SELDERS, CLINE and 
Repiske"” for barley grown in soil contaminated 
by the Bravo shot. 

The present studies are not in agreement with 
the conclusions of Romney et a/l.“® related to the 
uptake of ruthenium and cerium. These authors 


reported here is considerably less than has been 
reported previously by other workers, the levels 
are not insignificant. Romney etal. have reported 
strontium levels in barley leaves and stems almost 
five times those found for Bromus in the present 
study. The strontium contamination in the 
14 that of the Yucca 
Flat soil used in the Romney experimental 


Blanca soil, however, was | 


study. In addition, the per cent removal of soil 


a0 
| 25-4 
lab d idiation of re i 
1961 
1-54 «10-5 3-0 10-5 10105 1-94 


roots 


accumulating 
absorbed from aerated solutions. In view of these 


between soluble 


strontium by barley from Yucca Flat soil was 
0-17 in the Romney data, while our data in- 
dicate 0-34 per cent removal. 

Many 


determine the mode of absorption of fission 


investigations have endeavoured to 


sroducts from the soil by plants. Much emphasis 
| 

has been placed on so-called “readily soluble 
and ‘easily leachable” portions. ‘The results of 


GonzALEz and Jenny? indicate 


that 
from 


plant 


absorb. strontium efficiently ion 


exchange resin surfaces by contact exchange, 


many times the strontium 


observations, it does not seem appropriate, at 
least in the case of shallow-rooted plants, to 
make predictions on the basis of any distinction 


and exchangeable portions in 


soils. 
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Abstract—The eflect on chiasma frequency of the irradiation of different premeiotic and 
early meiotic stages has been investigated in Tradescantia paludosa. An increase in chiasma 
frequency was found following irradiation with 30 rad of late zygotene-early pachytene, and 
it is probable that a slight decrease resulted from the irradiation of late preleptotene. In these 
respects the results follow closely those previously obtained with Lilium. They differ, however, 
by the absence of any response to the irradiation of late diplotene. This is probably related 
to the absence of any loss of chiasmata between diplotene and metaphase in Tradescantia. 

The results from Tradescantia also differ from those using Lilium in the apparent duration 
of the later radiosensitive period. In Tradescaniia there is apparently a continuous and in- 
creasing response to irradiation throughout zygotene, but it is argued that this is due to 
variations in the developmental rates of the plants, and that in fact the sensitive period in 
Tradescantia, as in Liltum, is restricted to the late zygotene-early pachytene stage. 


Résumé On a recherché, chez Tradescantia paludosa, Vinfluence de Virradiation de divers 
stades prémeiotiques et méiotiques précoces sur la fréquence chiasmatique. On a pu constater 
que irradiation avec 30 rad du stade tardif des zygotes et du stade précoce des pachytes donne 
une augmentation de la fréquence chiasmatique alors qu’une diminution faible des cette 
fréquence s’observe apres irradiation du préleptoténe tardig. En cet égard, les résultats 
rappellent ceux obtenus avec Lilium. ‘Toutetois, il y a une différence en ce qui concerne l’absence 
dune réaction a Virradiation du stade tardif des diplotes, ce qui est probablement dd au fait 
qu’entre diploténe et métaphase, il n’y a aucune perte de chiasma chez Tradescantia. 

Les résultats obtenus avec Tradescantia différent encore de ceux obtenus avec Lilium en ce qui 


concerne la durée apparente de la période de radiosensibilité subséquente. Chez Tradescantia, 


il y a évidemment une réaction continue et croissante A Virradiation pendant le stade des 
zygotes; il se peut encore que ce fait soit dia des variations intervenues dans le développement 
des plantes et que la période sensible, chez Tradescantia comme chez Li‘ium, soit limitée au stade 


tardif des zygotes et au stade précoce des pachytes. 


Zusammenfassung —Bei Jradescantia paludosa wurde untersucht, welchen Einfluss die 
Bestrahlung verschiedener prameiotischer und friher meiotischer Stadien auf die Chiasma- 
frequenz ausubt. Nach Bestrahlung mit 30 rad des spaiten Zygoten- und des frithen Pachyten- 
stadiums wurde eine Steigerung der Chiasma-Frequenz beobachtet. Die Bestrahlung des 
spaten Praleptoten-Stadiums ergab offensichtlich eine geringe Frequenz-\V erminderung. 
In dieser Hinsicht decken sich die Resultate etwa mit den bei Liliumerzielten. Sie unterscheiden 
sich jedoch insofern, als die Bestrahlung der spaten Diploten keine Reaktionen ausléste. 
Dies ist wahrscheinlich darauf zuriickzufiihren, dass bei Tradescantia zwischen Diplotenstadium 
und Metaphase kein Chiasmaverlust erfolgt. 

Die Ergebnisse bei Tradescantia unterscheiden sich von den bei Lilium erzielten auch noch in 
der scheinbaren Dauer der nachfolgenden Radiosensibilitats-Periode. Bei Tradescantia besteht 
offenbar wahrend der ganzen Zygotenphase eine anhaltende und gesteigerte Reaktion auf die 
Bestrahlung. Dies konnte aber auch die Folge von Verinderungen im Entwicklungsgrad der 
Pflanzen und darauf zuriickzufiihren sein, dass die Sensibilitits-Periode bei Tradescantia wie 
auch bei Liliwn auf das spate Zygoten- und das friihe Pachyten-Stadium begrenzt ist. 
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INTRODUCTION 
Ir HAS been shown that the chiasma frequency 
in p.m.c’s of Lilium longiflorum can be influenced 
by small doses of radiation. ‘This response only 
occurs during two relatively short periods in 
microsporogenesis. Lhe first is found just prior 
to the onset of meios s and coincides with the 
time of DNA synthesis. Irradiation at this stage 
produces a decrease in the number of chiasmata. 
The second occurs between late zygotene and 
early pachytene, the stage at which chiasma 
formation is generally assumed to take place. At 
this time irradiation produces an increase in the 
chiasma frequency. A further period, situated in 
late diplotene, was also found during which 
irradiation apparently increased the chiasma 
frequency as observed at metaphase I. It was 
argued that while the response during the first 
two sensitive periods represented true changes 
in chiasma frequency, and hence presumably 
crossing over, the response to irradiation during 


late diplotene resulted from the retention of 


chiasmata which are normally lost in the process 


of terminalization. 


Since the number, position and mobility of 


chiasmata vary widely between species, it is 
likely that the underlying factors determining 
the chiasma frequency also differ. It was there- 
fore of interest to determine whether this pattern 
of response to irradiation at different stages was 
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unique to Lilium longiflorum or whether it was 
also found in other species. In particular, the 
response of late diplotene stages and the dura- 
tion of the sensitive periods required further 
investigat on. ‘To this end a similar experiment 
was carried out using plants of Tvradescantia 


paludosa. 


MATERIAL AND METHODS 

For the purpose of the experiment a number 
of young clonal plants of 7. paludosa (2n=12) 
were grown at 15°C under a constant and con- 
tinuous illumination of about 200 ft-c from day- 
light fluorescent tubes. The plants were allowed 
to settle down to these conditions for three weeks 
before treatment and were then divided into two 
unequal groups. The majority of the plants were 
irradiated with 30 rad of gamma radiation at 
10 rad/min. from a Co® source. ‘The remainder 
were used as the controls. All irradiations were 
performed at 15°C in air and were carried out 
within the period of | hr. 

Anthers from samples of these plants were 
fixed in acetic-alcohol (1:3) at intervals of 
12 hr up to a total time of 132 hr after irradia- 
tion. Anthers from a further sample of plants 
were also fixed at 240 hr after irradiation. Buds 
from the unirradiated control plants were 
collected at two periods, with an interval of 
120 hr between the fixation times. In all but a 
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very few cases, only one bud per inflorescence 
was taken. Where two buds were sampled from 
the same inflorescence the fixations were made 
at diflerent times. 

Aceto-carmine were trom 


squashes 
one anther per plant and the chiasma frequency 
Lhe 


random 


recorded in twenty cells at metaphase # 


slides were coded and scored in a 


order, given to any 


A total of 


the particula’ treatment 
anther being unknown to the scorer. 


fiftv-four plants was examined. 


RESULTS 
Phe average chiasma frequencies, expressed 
as chiasmata pel bivalent, of the different 
sroups of irradiated and unirradiated plants 
are shown in Fig. 1. It appears that there are 


two periods at which the irradiation has 


influenced the chiasma frequency. ‘The earlier 
occurs 120 In 


of these before metaphase I. 


Irradiation at this stage produces a drop in the 


chiasma frequency and also a certain amount of 


chromosome uncoiling together with partial 


a- or de-synapsis in some of the cells. The 
second period, during which irradiation pro- 


marked 


chiasmata, occurs 64-96 hr before metaphase. 


duces a increase in the 


Apart from the high chiasma frequency the 


chromosomes of the plants treated at this stage 


metaphase resulting 


are in all respects normal. 


aberrations observed at 
from chromosome breakage was very small in 
these, as in all other irradiated plants. 

The results of an analysis of variance of the 


lable | 


second period is significant at 


data shows that the response in the 


the 2 per cent 


1. Analysis 
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number of 


number of 


LTRADESCANTIA 
level; that in the first is not significant. Similarly 
the small drop in chiasma frequency at 36 hr 


is not significant (P 0-2). ‘The analysis also 


shows that there is no appreciable difference 
control 


between the two 


that 


groups ol 


plants, indicating there were pro- 


gressive changes in the plants during the 
experiment. 

The rate of development of the p-m.¢ *s, and 
hence the correspondence between the different 
fixation times and the stage at which irradiation 
was carried out, was determined in a group of 
plants similar to those irradiated, and growing 
under the same conditions. It was found that on 
the average 120 hr elapsed between the onset of 
meiosis and metaphase I. Zygotene to metaphase 


take 


pachytene to metaphase took about 48-72 hr. 


was found to between 72-96 hr, while 
Such determinations are not, however, particu- 
larly precise, and a certain amount of variation 

was Nevertheless it 
that at 120 hr 
irradiation implied that treatment was given at 


between plants found. 


would appear fixation after 
the very beginning of meiosis, while fixation at 
84 hr results in the examination of cells treated 
late 


Experience with Lilium longiflorum suggests that 


during zygotene or early pachytene. 
any developmental delay induced by the radia- 
tion would not appreciably affect the timing 
given above. 

The 


expressed as the percentage of paired chromo- 


average amount of  terminalization, 


some arms with terminal chiasmata™ is also 


shown in Fig. |. It can be seen that there is 


little evidence of a change in the position of 


chiasmata following the different treatments. 


of variance of the average chiasma freque ncy per plant, expressed as chiasmata per bivalent 


MLS. 
0-O144 
0-0026 
00-0753 
0-0124 


lreatments 

Between C 
( 
in) 


versus 84 hr 


versus 120 hi 


0-012] 
0-0545 


0-0064 


Error 
i Within 84, 96 and 120 hr 
il) Remainder 


Votal 


P 


0-2 
0-02-0-0) 


0-001 


V 
7 
196] 
fable 
13 1-19 
| 6-22 
1-02 
10) 
32 
53 


W. 


Further, the average chiasma frequency at late 
diplotene was found to be 2-094-+0-029 chias- 
mata per bivalent, a value little different from 
that observed at metaphase (Fig. 1). The 
accuracy with which chiasmata can be counted 
is, of course, lower at diplotene than at meta- 
phase. This may well account for the slightly 
lower diplotene value. There is, however, no 
evidence of a loss of chiasmata between late 


diplotene and metaphase in the process of 


terminalization. 


DISCUSSION 


While the accuracy of the determination of 


the different stages in microsporogenesis is not 
as great in Tradescantia as in Lilium, the pattern 
of response to irradiation of these stages is 
nevertheless closely similar in the two species. 
In both, an increase in chiasma frequency was 
observed after the irradiation of the late 
zygotene-early pachytene stage, and it is likely 
that they agree in showing a decrease in the 
number of chiasmata following the irradiation 
of a late premeiotic stage. While the drop 
observed in Tradescantia was not statistically 
significant, the qualitative evidence of a- or 
de-synapsis and of chromosome — uncoiling 
suggests that a similar, if lesser, response had 
occurred. 

There are, however, two important diflerences 
in the pattern of response in Tradescantia and 
Lilium. ‘Vhe first of these is the absence of any 
increase in chiasma frequency in Tradescantia 
plants irradiated during late diplotene. In 
Lilium the apparent increase was ascribed to the 
retention of chiasmata normally lost in the 
process of terminalization, the retention being 
due to induced chromosome stickiness. ‘Thus 
plants irradiated during late diplotene had 


terminal chiasmata in nearly 80 per cent of 


their paired chromosome arms, compared with 
only 66 per cent in the controls. In Tradescantia 
no evidence for loss of chiasmata between diplo- 
tene and metaphase could be found, and more- 
over there were no appreciable differences 
between the various fixation times with respect 
to the percentage terminalization (Fig. 1). The 


data therefore provide indirect support for the 
interpretation placed on the Lilium findings. 
The second difference in the patterns of 
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response in the two species lies in the duration 
of the later of the radiosensitive stages. In 
Tradescantia’ an apparently continuous and 
increasing response to irradiation is found 
throughout zygotene, reaching a peak between 
the late zygotene and early pachytene. 

This is in contrast to the restriction of the 
response in Lilium to the late zygotene-early 
pachytene stage. There are, however, two 
explanations for the Tradescantia results. First, 
it is possible that there is a truly continuous and 
increasing response throughout zygotene, such 
as would be expected if this depended on 
chromosome pairing. Secondly, the result could 
also arise with a relatively short radiosensitive 
period if there was appreciable variation in the 
developmental rates of the p.m.c’s in different 
plants. It was noted earlier that in fact this 
appeared to be so. Further, the average error 
variance of plants fixed at 84, 96 and 120 hr 
was about five times greater than that of the 
remaining fixation periods, a difference which 
is highly significant (Table 1). The two groups 
of error variances were homogeneous among 
themselves (P—0-98, P—0-9-0-5). This differ- 
ence in the error variances supports the second 
alternative, i.e. that the radiosensitive period is 
relatively short and situated in late zygotene, 
but that there is variation in the rates of 
development of the plants. The error variance 
in the 96 hr fixation group was the largest of all, 
also in keeping with this interpretation. Such 
evidence is not, however, entirely unambiguous, 
and a continuous response throughout zygotene 
cannot be completely ruled out. The high errors 
also suggest that the responses observed in the 
84 and 120 hr fixation groups were minimal, 
and that the true responses may in fact be 
rather greater. 

The response of chiasma frequency to irradia- 
tion is therefore restricted in Tradescantia as in 
Lilium to two relatively short stages in micro- 
sporogenesis. With the low doses employed no 
response could be detected at the other pre- 
meiotic and early meiotic stages examined. The 
fundamental similarity in the response of the 
two species, which differ widely in the number 
and position of chiasmata, suggests that basic 
cell processes are being affected by the irradia- 
tion. One of these processes may well be DNA 
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synthesis, which in Lilium occurs during mid to 
late preleptotene. In Tradescantia DNA syn- 
thesis is reported to extend into early leptotene 
(3.6.7) which may explain why the drop in 
chiasma frequency following irradiation was 
found at a possibly slightly later stage in this 
species. The manner in which interference in 
DNA synthesis affects the formation of chias- 
mata is unknown. It is possible that DNA syn- 


thesis is important in the pairing or coiling of 


the chromosomes,” or alternatively, that 
structural defects are induced in the DNA which 
later prevent crossing over. 

The mechanism of the second radiosensitive 


process is also uncertain. It is unlikely that 


direct chromosome breakage is involved. Even 
if it is assumed that in the intimately paired 
condition of the chromosomes a single 1onizing 
track break exactly 
complementary loci, the sensitive per iod appears 
to be rather shorter than that of intimate pair- 
ing, and early pachytene is by no means the 


may two chromatids at 


most radiosensitive stage with regard to chromo- 


some breakage.“ Moreover, the distribution of 


induced chiasmata was in all respects normal, 
i.e. the plants showed normal chiasma _ inter- 


ference. However, preferential rejoining or 


movement of chiasmata may be of importance. 


On the other hand, radiation may act by 


removing a natural limitation to the number of 


chiasmata or by inhibiting processes which 


compete with chiasma formation for energy 
from a common pool. Whatever the nature of 
the process, it must be ranked together with 
DNA synthesis and chromosome breakage as 


one of the most radiosensitive in the cell. 


REFERENCES 
|. Daruincron C. D. (1940) The prime variables of 
meiosis. Diol. Rev. 15, 307-322. 

LAWRENCE GC. W. (1961) The effect of the irra- 
diation of different stages in microsporogenesis 
on chiasma frequency. Heredity 16, 83 89. 
Moses M. J. and ‘Taytor J. H. (1953 
pentose nucleic acid synthesis during microsporo- 
genesis in Tradescantia. Genetics 38, 678-679. 
Rees H. 
some behaviour in rye I. 
9, 93-116. 
Sparrow A. H. 


Desoxy- 
1955) The genotypic control of chromo- 
Inbred lines. Heredity 


1951 


meiotic 


Radiation sensitivity ol 


cells during and mitotic cycles with 


cytochemical changes. 
1540. 
constancy of 


Acad. Sct. 


emphasis possible 
V.V. Acad. Sci. 51, 1508 
(1950) ‘The 
Proc. Nat. 


Ann. . 
Swirt H. 
plant nuclei. 
643-654. 
J. H. 
of incorporation of P*? into chromosomes during 
meiosis and mitosis. Exp. Cell. Res. 4, 169-179. 
Payton J. H. and McMasrers R. D. (1954 
Auto-radiographic and microphotometric studies 
micro- 


DNA in 
Wash. 36, 


1953) Autoradiographic detection 


of desoxyribose nucleic acid during 


gametogenesis in Lilium longiflorum. Chromosoma 


6, 489-521. 


V Ulie 
7} 
b. 
> 


Radiation Botany, 1961, Vol. 1, pp. 97 to 99. Pergamon Press Ltd. Printed in Great Britain. 


DOES A COFFEE PLANT DEVELOP FROM ONE INITIAL CELL 
IN THE SHOOT APEX OF AN EMBRYO? 


Cc. C. MOH 
Inter-American Institute of Agricultural Sciences, ‘Vurrialba, Costa Rica 


Recetwed 5 April 1961 


Abstract Evidence obtained from R, morphological mutants suggests that except for the 
epidermis, development of a young coffee shoot is from a single initial cell of the corpus. ‘This 


conclusion is supported by the high frequency of R, non-chimeric mutants, shapes of the dosage 


response Curves with X-rays and neutrons and the association of pollen sterility with some of 


the mutants. 


Résumé Sur la foi des résultats obtenus avec des mutants morphologiques R, on peut 


admettre qu’a lexception de l’épiderme, le développement du jeune caféier se fait A partir 


(une cellule initiale unique du corps. Cette conclusion est confirmée par la fréquence élevée 


de mutants non-chimériques R,, par la forme de la courbe en fonction des doses appliquées de 
rayons X et de neutrons, et encore par le fait qu’en certains mutants, il y a stérilité des pollens. 


Zusammenfassung ersuchsergebnisse an R,-morphologischen Mutanten lassen vermuten, 
dass, ausgenommen die Epidermis, die Entwicklung cines jungen Kaffeestrauchs von einer 


einzigen Anfangszelle ihren Ausgang nimmt. Diese Annahme wird bestatigt durch die hohe 
Frequenz von R, nicht-chimarischen Mutanten, durch den Verlauf der Kurven in Abhangig- 
keit von der Réntgenstrahlen- und Neutronendosis, und durch die Tatsache, dass bei einigen 
Mutanten Pollensterilitat vorliegt. 


has described various types of derived from several initials in the apical 


organization in shoot apices of vascular plants. meristem. 
Organizational differences of the shoot apex In the course of investigating the effects of 


may be found among genera, among species of ionizing radiation on some tropical plant species, 


a genus, among individuals of a species, among _ it was found that when coffee (Coffea arabica, L. 


shoot apices of the same individual and at seeds were irradiated with 2.8 x 10!3/em? of 
different times of development of the same apex. — thermal neutrons or 16 kr of gamma rays, a high 
It is the general opinion that in some lower frequency of morphological ‘mutants’ was in- 
plants, such as Equisetum, Pteridium, and some duced in the R, generation. Most of the mor- 
Selaginella species, the cells forming a shoot are — phological ‘mutants’ were of angustifolia (ag) type 
descendants of a single apical cell at the apex, which was characterized by producing small or 
and that in higher plants, a shoot is developed elongated leaves. ‘The degree of such leaf 
from a group of initials in the apical meri- changes varied with different ‘mutants’. In 
stem.@;7 This concept was developed from some cases, the ag character was associated with 
histological studies on the number and form of the dwarfness of the plant. The unusual 
initial cells in the apical meristem, their growth phenomenon was that the ‘mutant’ character 
patterns, and the spatial relationship to their appearing in the R, plant was not a sectorial 
derivatives in the growing region. Experi- change, but rather the whole plant produced a 
mentally, the induction of sectorial chimeras by — similar ‘mutant’ characteristic (Fig. 1). Since 
treating the apical meristems with colchicine or _ coffee is a dicotyledon and belongs to the family 
ionizing radiations has demonstrated that in Rubiaceae, this result is rather unexpected. 

higher plants the cells of a shoot are generally Several possibilities may be considered to 
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account for such a result. First, it may be due to 
temporary physiological disturbances induced 
by ionizing radiation. ‘This possibility can 


readily be ruled out, since the induced charac- 
ters have persistently appeared in the R, plants 
for more than two years and the new growth 
has not shown any sign of normal recovery. 
Thus, the induced changes appear to be perma- 
nent. Secondly, the induced R, mutants may 
be the result of cytoplasmic changes. Experi- 
mental results have shown that when thermal 
neutrons were used as a mutagenic agent, the 
linearly with the 


ag frequency increased 


neutron dose; when X- or gamma rays were 
used, the frequency increased exponentially. 
Limited data also showed that the ag mutants 
were associated with partial pollen sterility.” 
This suggests that the ag mutants were probably 


due to the result of two-hit chromosomal 


aberrations. At there is no evidence 
that 


follow a 


present, 
indicating induced cytoplasmic changes 
would 
that of two-hit 
mutant frequency induced in the R, generation 
cent (23 


pattern of response similar to 
aberrations. In addition, the 
extremely high, up to 37 
mutants out of 61 plants observed) in 
soaked seeds irradiated with 8 kr of 


was per 
some 
treatments 
gamma rays). Furthermore, a wide spectrum of 
R, mutants was also found in the irradiated 
that 


cytoplasmic changes would give rise to such 


population. It is highly improbable 
results. The third possibility is that the radiation 
may kill all but one of the initial cells in the 
apical meristem and this cell, if genetically 
aflected, may developed into a mutant plant. 
If this 


obtain 


were the case, one would expect to 


sectorial chimeras from the mutant 


irradiated with low 


such as 2°5 or 5 kr of gamma 


plants when relatively 
radiation doses 
rays). Experimental results have indicated that 
regardless of the radiation dose used, once the 
mutant character was induced, it appeared on 
the whole plant. 

Since the above mentioned possibilities appear 
to be unlikely, the question arises: “‘Does a 
coffee plant develop from one initial cell in the 
shoot apex of an embryo?” Preliminary histo- 
logical examination of coffee embryos at the 
stage irradiated revealed that the shoot apex is 
composed of an uniseriate tunica and a corpus. 


Morphologically, there is no evidence indicating 
a special form of solitary apical cell existing in 
the shoot apex of a coffee embryo. However, in 
a preliminary experiment in which the main 
stem of an R, mutant plant was cut back to 
force branching, all the newly grown branches 
showed the same mutant characteristic. In 
examining the pollen sterility of some R, ag 
plants, all branches of the plant produced 
pollen sterility. Thus, the cells forming the main 
stem of a mutant plant appear to be genetically 
homogeneous. 

This evidence leads to the speculation that 
with the exception of the epidermis, which is 
probably developed from the uniseriate layer of 
tunica in the shoot apex, cells forming other 
parts of the main stem appear to be the deriva- 
tives of only one of the initials in the corpus. In 
other words, it seems that there is a cell in the 
corpus which dominates the growth during the 
early stage of shoot development from a coffee 
embryo. 

The phenomen in which a shoot or an entire 
plant develops from a single cell of a seed or a 
multicellular organ is rare in higher plants. So 
far as the author is aware, only three cases of 
such a nature have been reported in angio- 
sperms. CALDEcorr and obtained some 
cytological evidence suggesting that all of the 
sporophytic tissue of a Hordeum spike is derived 
from a single cell of the dormant embryo. 
More recently, GAuL™ has obtained evidence 
from irradiated Hordeum seeds indicating that 
while the generative tissue of 1, 2, or more 
spikes of late forming tillers may be derived 
from only a single cell of the embryo in the 
seed, the generative tissue of each early forming 
spike descends from more than one initial cell 
unless the radiation level used has been high 
enough to cause elimination of all but one initial 
for a particular spike. NAyLor and JoHNson\® 
reported that a new shoot of Saintpaulia can 
develop from a single epidermal cell of the 
petiole. Thus, by irradiating petioles of excised 
leaves of Saintpaulia, SpaARRow, et al.‘ were 
able to obtain almost exclusively non-chimeric 
induced mutants. The results obtained from the 
study on the irradiation of coffee seeds would 
add another case to angiosperms where a shoot 
is of single cell origin. 
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Fic. 1. Some of the angustifolia mutants of coffee induced by gamma radiation in the R, 

generation. All the plants shown here were about one year old. A. Normal plant. B, C and 

D. Various types of angustifolia mutants grown from irradiated seeds. Note the changes 

in leaf morphology and internode length. he whole plant produced a similar mutant 
characteristic. 
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Studies are being carried out by irradiating 


germinating coffee seeds and_ seedlings 


various stages to determine which stages or 


stage of the plant development will give rise to a 
chimera. The results will be published else- 


where.” 
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BOOK REVIEW 


BresLAvets L. B. (1946) Plants and X-rays. Academy 
of Sciences, U.S.S.R. Moscow. English Translation 
by A. Etst (1960) (Edited by A. H. SpARROw 
American Institute Biological Sciences, Washing- 
ton, D.C. 122 pp. 


Since this book was published in 1946 it does not 
include the recent work on radiation biology, but it is 
of value for the review of early literature in this field. 
Many of the problems raised by these early investiga- 


tors remain unsolved. The most interesting aspect of 


this book is the review of the early work on the alleged 
stimulating effect of X-rays on plant growth and 
development. 

Breslavets begins with postulation of the Arndt- 
that ‘‘weak stimulate all 
activity; medium irritants depress it; strong ones halt 
it’. Shortly after the discovery of X-rays in 1896 


Schultze law irritants 


several investigators reported a stimulating effect of 


low doses of X-rays on protoplasmic streaming and 
acceleration of seed germination. Early in this century 
Kérnicke reported faster germination of Vicia and 
Brassica seeds when exposed to low doses of X-rays. 
Following Kérnicke’s early work from 1904 to 1920, 
many workers in various countries reported stimu- 
lating effects of low doses of X-rays in many different 
genera, but conflicting or negative results were also 
found. 


Breslavets and his associates began their work in 


1931. They found a striking increase in seed size of 


peas and rye following irradiation of the parental 


seed with doses of 250-750 r. Higher doses were 


deleterious or lethal. No stimulating effect was found 
in wheat. 

The extent of this early work on the stimulating 
effect of X-rays on plant growth is indicated by a 
total of 125 literature references, including the work 
of reputable investigators in the U.S.S.R., Europe, 
Japan and the United States. More recent work has 
not sustained the claims of stimulation of higher 
yields, but effects on seed germination and earlier 
flowering have been reported. These, however, are 
presumably physiological effects. 

The chapter devoted to morphological changes 
induced by X-rays includes the early mutation and 
cytological work of Stadler, Goodspeed, Stubbe, 
Sapegin, Sax, Gustafsson and others, as well as the 
author’s radiation work on hemp and is largely 
historical. 

The early literature on intracellular and nuclear 
changes induceds by X-rays include work on cyto- 
plasmic viscosity and nuclear changes. There are 197 
references to the effect of X-rays on plants. 

The final chapter deals with the effects of the 
quality and quantity of X-rays and the differential 
senstivity of different species and stages of develop- 
ment. The early work on the effects of natural 
radiation, including cosmic rays, is included. 

This book provides a review of early work in 
radiation biology. The conflicting views of early 
investigators regarding the stimulating effect of 
X-rays, and the reports of greatly increased yields, 
indicate the necessity for carefully controlled experi- 
ments. But this book should be read by all who are 
working on the effects of ionizing radiation on plants. 
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NEWS 


Tue Second International Congress of Radiation 
Research will be held at Harrogate, Yorkshire, 
England, August 5th—1 1th, 1962. It is sponsored by a 
Committee set up at the First Congress at Burlington, 
Vermont, U.S.A., in 1958, and by the Association for 
Radiation Research. The programme will be con- 
cerned with the physical, chemical, and biological 


effects of radiation, and with comparative studies of 


the radiobiology of man and other animals. Ionizing 


radiations will be the centre of interest, since photo- 
biology has now become the subject of separate 
international meetings. Research workers in these 
fields will be invited to proffer original papers and 
reports of new experimental work. A brochure will 
be available in April 1961. Information may be 
obtained from the Secretary-General, Mount Vernon 
Hospital, Northwood, Middlesex, England. 
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INTRODUCTION 
fue pollen grains of flowering plants have 
proved to be tailored admirably to the demands 
of certain radiobotanical queries. They afford a 
relatively simple, haploid radiation target and 
withstand an impressive variety of experimental 
abuses. Pollen have been particularly suitable 
for cytogenetic inquiries involving low-pene- 
trating radiations such ultraviolet, un- 
accelerated alpha particles and 
length X-rays. In addition the use of pollen or 
anthers for the induction and study of mutations 


commendable, although somewhat 


lone wave- 


has many 
neglected, features. 

discussion of the 
Section I 


review turns to a consideration of the effects of 


botany of 
the 


Following a 
angiosperm pollen present 
pollen irradiation on pollen germination and 
, cytological aberrations 
observed at pollen-tube mitosis II1), 
endosperm marker losses in maize (Section IV), 
Section V 
and cytological and genetic effects in F, and 
advanced VI). Résumés are 
provided for each section, as well as a final 
Section VII) of the comparative 
and ionizing irradiations. The 


tube growth (Section I] 
Section 


production and viability of seeds 


families (Section 
résumé 
effects of u.v. 
review focuses on the effections of irradiation on 
mature angio-sperm pollen grains. However, 
e.g., those involving immature 
have been 


related studies 


pollen or chemical mutagens 


included as believed pertinent. 


I. BOTANY OF THE ANGIOSPERM POLLEN 
GRAIN 


The mature pollen grains of flowering plants 
are shed either as binucleate or trinucleate cells 


Fig. 1). This cytological difference has a 


POLLEN RADIOBOTANY 


Morphological effects observed in progenies from irradiated pollen 
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profound eflect on the radiation target pre- 
sented by the grain, as well as on performance 
of the grain in culture, in storage and wm situ. 
Facts pertinent to radiobotanical studies will be 
considered briefly here, and are liberally drawn 
from the biology of pollen by 
Manesnwart!!) and BrewBaker.'!®) 

All angiosperm pollen undergo two_ post- 


reviews of 


meiotic divisions, the first producing a genera- 
tive cell and a vegetative nucleus. While the 
vegetative nucleus degenerates, the generative 
cell undergoes a second division forming the 
two sperm. Pollen shed prior to this division 
cells 


thus appear cytologically as binucleate 


Fig. |). Binucleate pollen grains characterize 
roughly 2.3 of the anviosperm species. Such 
families as Liliaceae, Rosaceae, Commelinaceae 
and Solanaceae are among the 170 families 
for which binucleate species alone have been 
recorded. Families such as the Compositae, 
Cruciferae, Gramineae and most aquatic families 
are included among the fifty-four trinucleate 
families; in twenty-four other families, both 
types of genera have been reported (ref. 16 and 
Only rarely among the 430 
genera studied by Brewbaker and co-workers 
have bi- and tri-nucleate species 


unpublished). 


unpublished 
been recorded in the same genus (e.g. Plantago, 
Drosera). The trinucleate condition is clearly 
derived, evolving from the binucleate at many 
points in the angiosperm “family tree” and 
evidently resulting from a_ relatively uncom- 
plicated shift to precocious timing of the second 
post-meiotic mitosis.“ !® 

The binucleate pollen grain constitutes an 
unique type of cell inside a cell. The microspore 
results in a 
or “pollen- 


mitosis which follows meiosis 


generative cell and a vegetative 
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Fic. 1. Representative binucleate (2, 3) and trinucleate (1, 4) pollen grains: (1 
floribunda, (2) Aloe stricta, (3) Ornithogalum virens (n 


(4) Vibernum Carlesii. 


Physaria 
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tube”’) nucleus, both included within the pollen 
cell wall. The generative cell condenses” and 
becomes deeply feulgen-positive, with scanty 
cytoplasm and inclusions such as mitochondria, 
while the vegetative nucleus becomes diffuse 
and degenerative. At pollen maturity the 
generative cell is arrested in prophase of the 
second mitotic division, occasionally at such a 
late stage (Fig. 1) that chromosomes may be 
detailed easily (e.g. Ornithogalum, Nyris, Ponte- 
deria, Impatiens). In most species (e.g. Lilium, 
Tradescantia, Petunia) the prophasic organization 
and condensation of chromatin threads in the 
generative nucleus may be observed readily. 
Radiobotanical evidence from studies of cyto- 
logically-visible damage at pollen-tube mitosis 
supports unequivocally the conclusion that 
DNA synthesis is completed and the chromo- 
somes effectively double in the generative cell 
prior to shedding. In the classical Tradescantia 
material, the chromosomes are effectively 
double to X-radiation at least 48 hr prior to 
anthesis,“?® and DNA-histone has doubled in 
the generative cell of mature grains.“3° The 
vegetative nucleus often is seen only in carefully- 
stained cells and may be considered to have no 
important function in later growth of most 
binucleate pollen.“ Experimental modification 
of the striking nuclear-DNA differentiation at 
microspore mitosis can be expected to shed light 
on cellular differentiation processes (ref. 110 
and Swanson,'!7?) p. 86). 

Trinucleate pollen grains (Fig. 1) contain a 
vegetative nucleus and two densely-staining 
male gametes or sperm cells. It appears not to 


have been confirmed that the sperm cells of 


trinucleate pollen complete synthesis 
prior to anthesis, although this contention 
appears valid (see Section IV). Generative 
nucleus division is complete about 10 days 
prior to shedding in Zea mays.°8: ‘Trinucleate 
pollen grains from other species rarely are shed 
less than 24 hours following second mitosis. The 
demands of pollen-tube growth prior to fertiliza- 
tion and the immediacy of endosperm division 
in many species following fertilization make it 
appear extremely unlikely that DNA duplica- 
tion im sperm occurs after trinucleate pollen are 
shed. Aberrations recoverable in Qea endosperms 
following pollen treatment are frequently 


fractional’, affecting only part of and averag- 
ing about 50 per cent of the endosperm. This has 
been interpreted to suggest that maize sperm 
chromosomes are effectively doubled in the 
mature grain (see discussion by FABERGE,‘*®” 
p. 746), although paired so closely in the sperm 
that both are often broken simultaneously, 
resulting in “‘entire”’ losses (isochromatid breaks). 

The evidence thus suggests that the sperms 
from trinucleate pollen are introduced to the 
embryo sac in the 2c (DNA-doubled) state. In 
contrast, the sperms of binucleate pollen are 
formed during tube growth and may _ be 
expected to arrive in the embryo sac prior to 
DNA doubling. The zygotes of tri-nucleate- 
pollen species thus originate in the 4c state, 
while those in binucleate species occur initially 
in 2c condition. The zygote-histone data of 
Rascu and Wooparp"'” support this expecta- 
tion for the binucleate Tvradescantia. Radio- 
botanical evidence of MericLe and Mericie"!®) 
similarly appears to support this expectation for 


trinucleate pollen of Hordeum. 

Pollen grains range in diameter from 10 
to 200 u, and may be shed in tetrads, pol- 
linia or as thread-like pollen several milli- 


metres long (in certain aquatic plants as 
ostera). The external morphology of grains is 
delightfully diverse and a tool of considerable 
taxonomic value.©? u.v., a-ray, §-ray and 
X-ray (long wave-length) penetrations differ 
greatly in different pollens, due to the rapid 
absorption of their energy quanta in tissue.*. 
58,59, 62, 89.165) With the large grains of Zea mays 

3u in diameter), the sperm are located 
eccentrically and u.v. effectiveness markedly 
increases with illumination from all sides of the 
pollen. For an average pollen grain of 
30 u diameter, less than 2 per cent of the incident 
u.v. energy at 2537 A reaches the centre of the 
cell, while less than 0-5 per cent of such energy 
illuminates the core of maize pollen.“®) The 
pollen wall of maize transmits only 30 per cent 
of incident u.v. energy.“* These facts serve to 
emphasize the remarkable intrinsic effectiveness 
of u.v. light as a mutagen.'®8% The ability of 
unaccelerated alpha particles from *8*Pu_ to 
penetrate maize pollen has been studied by 
FaBberGE.®) It is estimated that the particles 
(5-14 MeV on emission) travel a maximum 
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distance of 374 into the grain, traversing 
roughly 57 per cent of the sperm in the treat- 
ments employed. 

The efficiency of neutrons (see Section V) ts 
related directly to the chemical composition of 
tissue, with particular reference to nitrogen, 
boron and hydrogen contents.“ The nitrogen 
contents of pollen from thirty-four species 
ranged from 1-1 per cent to 48 per cent, 
averaging 3:5 per cent.“%*) Boron contents 
range from 0-8 to 16-0 p.p.m. 
for six species tested, in all cases 


on anther dry 
wet. basis 
appreciably lower than in other plant parts. 
3inucleate pollens differ from trinucleate in 
two important features: (1) they germinate 
readily in vitro, while trinucleate grains grow 
badly if at all in vitro under the wide variety of 
conditions in which they have been tested; 
2) binucleate grains commonly survive storage 
well, while trinucleate grains rarely retain 
viability more than a few days or hours.“ !®!% 
There are no satisfactory data, for example, on 
the germination of irradiated trinucleate pollen 
of Zea or other grasses. The achievement of a 
satisfactory milieu for germination of trinucleate 
pollen would represent a significant advance in 
the potential scope of radiobotanical studies. 
In addition to their storage longevity, 
binucleate pollen grains are significantly more 
adaptable to environmental insults than trinu- 
cleate grains. CoNnGceR®*) records that the 
binucleate grains of Tradescantia will survive 
treatments of | hr at —192°C or 40°C, of pro- 
longed desiccation or anoxia, or of 10 per cent 
HCN in nitrogen for an hour, as well as of 
drastic changes in pressure. While this tolerance 
range appears to typify binucleate grains of 
over thirty genera studied by the present 
authors, most trinucleate grains, in contrast, 
do not survive even partial desiccation, anoxia, 
or brief periods of storage.“’® For this reason, 
irradiation treatments of trinucleate grains often 
require special apparatus, as that designed by 
FABERGE®” for u.v. treatments of pollen during 
their free fall (8-3 cm/sec for wheat) through a 
quartz tube to the awaiting stigmas. The rapid 
dehydration and loss of viability by trinucleate 
maize and wheat pollens makes it advisable to 
X-irradiate prior to anthesis.@* 130169 
Pollen grains are shed with widely-varying 
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moisture contents, ranging as they do from 
essentially-desiccated grains of desert grasses to 
the turgid pollen of submersed aquatics. 
Moisture changes take place with rapidity and 
play an important role in the radiosensitivity of 
pollen. It is conventional to  prehumidify 
desiccated pollen for germination simply by 
breathing on them, so that pollen previously 
desiccated can no longer be considered dry if 
treated under different humidities. ‘The moisture 
contents of pollen have been reported for a few 
pollen types; these include 60-+ per cent for 
Zea mays and Cucurbita pepo, 8 per cent tor 
Ambrosia sp. and 10 per cent for Antirrhinum and 
Secale spp. Moisture contents of fresh pollen 
from Tradescantia paludosa and Haplopappus 
gracilis were 16 per cent and 18 per cent at 
50 per cent relative humidity and 51 per cent 
and 52 per cent at 98 per cent relative humidity, 
respectively (authors, While 
pollen weights of Petunia and Ornithogalum nearly 
stablize after 1 hr over P,O,, desiccation pro- 
ceeds much more slowly in maize. Pollen weights 
per grain range between 3 and 30 mug for most 


unpublished). 


species, while maize averages ca. 500 myg per 
fresh grain. 

Pollen grains of the average flowering plant 
germinate in a few minutes, growing i situ at a 
constant rate ranging up to | em/hr (Kea, 
Ocnothera, Crepis, Linum) and averaging ca. 
2 mm/hr for the twenty-four species on which 
data are available. In the case of Crepis, for 
example, this amounts to a cell elongation of at 
least 250 times pollen diameter in | hr. Bio- 
chemically, pollen appear to be well equipped 
at least initially for this rapid growth. Informa- 
tion on the chemistry and cytoplasmic make-up 
of pollen is relatively scattered, but increasing 
generously. Such information has been 
integrated with radiobotanical data only in 


neutron-irradiation studies. 9: 144) 


Il. EFFECTS OF IRRADIATION ON POLLEN 
GERMINATION AND TUBE GROWTH 


Irradiation effects on pollen germination and 
tube growth have been examined quantitatively 
in only a few studies, despite the relative ease of 
obtaining such information. Data to be pre- 
sented@®) indicate relatively dramatic shifts in 
radio-sensitivity of germination as a consequence 
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of environmental modifications such as desic- 
cation, anoxia, storage and freezing. Because 
of the great enhancement of radio-sensitivity by 
desiccation alone, many of the data reviewed 
here cannot be compared critically. Certain 
species (e.g. maize) have been excluded from 
pollen germination studies, since trinucleate 
pollen cannot be germinated with facility im 
vilro (see Section I). Most flowering plants, 
however, produce binucleate pollen grains 
which germinate with ease in culture.“®) More 


detailed information on the biochemistry of 


pollen germination and growth 139) make 
probable an increased interest in radiation 
studies of this remarkable cell-elongation system. 

Germination and tube growth generally are 
inhibited only following massive radiation doses, 
with LD,,’s ranging up to 550,000 r. The 
relatively great radio-resistance of tube elonga- 
tion may be seen by a comparison of the median 
lethal dose for germination of 250,000 r with 
median dosages of 250 r for pollen tube cytology 
studies, 1000 r for endosperm and F, mutation 
studies, and of 2000—-10,000 r for mean lethal 
seed set treatments. Division of the generative 


nucleus is greatly impaired following doses of 


25 kr in species studied by the authors,“® 
largely as a consequency of dicentric- and 
exchange-bridges, although pollen-tube growth 
to the ovule is not impaired at these doses. 
Pollen growth studies are reviewed more or less 
chronologically here, with a section devoted to 
results which have been interpreted to indicate 
the occurrence of radiation-induced stimulation 
of germination and growth. 


A. Previous studies 

Irradiation studies with pollen cultured in 
vilro were initiated soon after Roentgen’s dis- 
covery of X-rays in 1895. Lopriore observed in 
1897 that X-irradiation of pollen could arrest or 
significantly delay germination of pollen from 
Genista and Darlingtonia species. In 1910 Acqua 
noted similarly that pollen grains 
appeared to be unaffected by exposure (to 
radium rays) that were fatal to others’. In the 
same year Fabre observed sterile grains and 
reduced germination of Lilium pollen from buds 
exposed to radium rays.‘®® Hertwic'"®) treated 
pollen of Digitalis purpurea and Dianthus sp. 


with radium bromide; intense treatments 
destroyed pollen viability, while less severe 
treatments did not affect pollen germination 
nor subsequent fertilization. PoppuBNaya- 
ArnNovp1'!3) first detailed the cytological con- 
sequences of X-irradiation on pollen-tube 
mitosis in several species, incidentally recording 
no reduction of pollen germination in .Vicotiana 
rustica following 80 kr. 

In the earliest intensive study of irradiation- 
induced inhibition of pollen germination, 
Haskins and Moore‘*” irradiated dry pollen of 
several Lilium species with X and cathode (beta 
rays. Pollen were spread on slides and desiccated 
over CaCl, prior to treatment under room 
conditions. Irradiations with “‘soft” X-rays 
37 kvp, 20 MA) and “‘hard” X-rays (200 kvp, 
30 mA) produced essentially comparable results, 
significantly depressing germination above 150 kr 
with LD,,’s around 225 kr. The data were 
misinterpreted (Table 8, Pollen, should read 
“2-1«10°r” for soft X-rays, instead of 
“0-3 x 10° r°) to indicate superior efficiency of 
the soft X-rays, while the reverse is suggested 
by the published data, although appearing 
not to be of statistical significance. Cathode-ray 
treatments were delivered to Lilium pollen at 
varying distances from a tube operating at 
250 kvp, 1-5 mA.(’?) These treatments were 
exceedingly effective in reducing germination, 
with LD,, obtained at a dose calculated to be 
comparable to 40 kr of X-rays. No further studies 
of cathode- or beta-ray effects on germination 
appear to have been reported. In contrast to 


this apparent five-fold superiority of cathode- 


rays in preventing germination, KirBy-SMITH 
and reported that the $-rays from 
p**-labelled bakelite (energy ca. 400 kvp) were 
no more effective in producing chromosomal 
aberrations in Tradescantia than Co® y-rays 
(effective energy of electrons formed —450 kvp). 
The killing curve for soft X-rays described by 
Haskins and Moore‘? was more or less similar 
to those of subsequent studies, with a broad 
plateau up to 150 kr followed by a rapid 
sigmoidal killing drop. Price“ treated the 
turgid pollen on mature anthers of Laliwm 
superbum with 100 kvp X-rays, noting briefly 
that pollen germination was depressed greatly 
at 200 kr and evidently inhibited at 210 kr. In 


: 
| 
7} 
fi 
» 
° > 


106 


contrast, studies of L. longiflorum var. Croft by 
the present authors (to be reported) give LD, 
250 kr for desiccated pollen, a figure comparable 
to that observed by Haskins and Moore,‘’” 
while an LD,, —500 kr was obtained for fresh 
pollen (in air at 50 per cent relative humidity). 
It seems unlikely that the pollen of Lilium 
superbum studied by Price were intrinsically 
more radio-resistant, although his data were 
too incomplete for critical comparisons. 

NisHtyAMA and have published 
pollen germination killing curves for four 
species, representing the genera Lycopersicon, 
Eriobotrya, Narcissus, and Torena (all with 
binucleate pollen). Dehisced pollen were treated 
in Petri dishes under room conditions with 
filtered (1 mm Al) 230 kvp X-rays. Killing 
curves were more or less sigmoidal for which the 
estimated LD,,’s ranged from 225 kr to 350 kr. 
Sporadic germination in Lycopersicon was en- 
countered at doses exceeding 300 kr, while seed 
sets were fully inhibited above 50 kr. 

Several investigators have reported the in- 
effectiveness of X-ray doses under 100 kr in 
reducing pollen germination. Mitcer™!™® found 
no effect of 100 kr on germination of pollen 
from 2n Medicago falcata, nor did PoppuBNA]A- 
ARNOLDI"3®) and IvANov‘*®) find germination of 
Nicotiana rustica pollen reduced following 80 kr 
and 70 kr doses, respectively. In contrast, 
SWAMINATHAN and Murry?) reported a 
reduction in pollen germination of \. rustica 
pollen by treatments of only 2-4 kr, with germi- 
nation negligible above 24 kr and LD,,’s of 
approximately 1] kr and 36 kr for .V. rustica 
and .\. tabacum, respectively. Pollen were treated 
on glass slides with unfiltered 60 kvp X-rays 
under room conditions. The authors did not 
advance a basis for the evident uniqueness of 
these data; the effects of desiccation and 
storage, to be reported, may be pertinent to an 
interpretation of these anomalous results. The 
impression that pollen of grasses such as 
wheat“**®) and maize are highly radio-sensitive 
stems evidently from their rapid loss of viability 
during storage and dehydration. Rye _ pollen 
showed no reduction in viability following 15 kr 
X-ray treatments.) 

X-radiation dosages necessary to halt cyto- 
plasmic streaming in pollen tubes of Trades- 
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cantia’® are in the same range as those necessary 
to inhibit germination. Irradiation effects on 
cytoplasmic streaming were studied by Bishop 
and co-workers in pollen tubes of both 2n and 
4n Tradescantia. Initial X-ray doses of 100 kr 
and 125 kr at 1200 r/min from a_ 140 kvp, 
2 mA source with | mm AI filter were applied 
to the growing tubes, after which additional 
doses of 25 kr were applied until cytoplasmic 
streaming ceased. Streaming rates decreased 
abruptly above 125 kr and few tubes exhibited 
streaming at doses exceeding 200 kr. Tetraploid 
cells were more sensitive than 2n cells, and each 
proved more sensitive than stamen hairs with 
respect to streaming. 

Increased viscosity became evident following 
X-irradiation of pollen grains, when cells were 
fixed subsequent to treatment by BREsLAvetz.) 
Cytologically-visible changes of viscosity were 
reported for Hyacinthus pollen at 16 kr, while 
changes were observable at 4 kr _ following 
centrifugation of the pollen grains. While 
viscosity of many organic compounds including 
DNA decreases following irradiation, the vis- 
cosity of cytoplasm commonly increases upon 
X-irradiation (see SPARROW") for references). 


B. Current researches 

A series of studies has been conducted by the 
authors* (unpublished data) of pollen germina- 
tion radiosensitivity under differing environ- 
mental regimes. Germination has been scored 
conventionally as the emergence of a tube equal 
to the diameter of the pollen grain. Tube growth 

-1X diameter clearly requires the elaboration 
of new cell wall in most species. Sub-lethal doses 
greatly depress tube growth, often resulting in a 
characteristic class of short tubes with burst tips. 
These represent gross impairment of the cell- 
wall machinery, perhaps impairment in the 
binding of calcium ions essential for normal tube 
elongation,“ 

The estimated doses reducing germination by 
50 per cent are presented in ‘Table | for eighteen 
species studied by the authors and illustrative 
killing curves given for four species in Fig. 2. 
Fresh pollen were irradiated (anthers intact) 
* The assistance of Dr. Beyoung H. Kwack and 
Miss Penelope Knowles in these researches 
gratefully acknowledged. 
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Table 1. X-ray doses to fresh pollen at 50 per cent relative 
humidity producing approximately 50 per cent reduction in 
germination 


Pollen 
dimensions dose 


kr 


Species 


Buddleia asiatica 525 
Cyclamen persicum 450 
Saintpaulia ionantha 550 
Antirrhinum majus ya 350 
Sempervivum dichotomum 300 
Lycopersicum esculentum 

Pyracantha coccinea 

Nicotiana langsdorfii 

Haworthia fasciata 

Graptopetalum Mac Dougallii 

Petunia inflata 

Gasteria excavata 

‘Tradescantia virginiana 

Camellia japonica 

Ornithogalum virens 

Catharanthus roseus 

Lilium longiflorum 

Ocnothera organensis 


in air at 5O per cent relative humidity and at 
22°C. Relative humidities were maintained for 


critical studies by the glycerin technique of 


OspokNneE and Control germination 
exceeded 80 per cent in all species, using a 
liquid medium of 10 per cent sucrose, 100 p.p.m. 
boric acid, 300 p.p.m. Ca(NO,),, 200 p.p.m. 
Mg(NO,), and 100 p.p.m. KC] for most studies. 
Pollen were irradiated in gelatin capsules at 
ca. 12,000 r/min without filtration from a 


Fic. 2. Representative dose-response curves for pollen 
germination (see Table | 


250 kvp, 30 mA X-ray machine for the majority 
of the studies. 

The radio-sensitivities of fresh (“*wet’’) pollen 
for species compiled in Table | span the wide 
range from 35 kr to 550 kr. The variation 
between species among the twelve families 
represented appeared to be as great as that 
between families. An apparent correlation is 
indicated with pollen size (diameters ranging 
from 18. for Buddleia asiatica to 140 for 
Oenothera organensis) with large grains generally 
more sensitive. A striking exception is provided 
by Lilium, although desiccated Lilium pollen was 
quite sensitive 
chromosome number 
Ornithogalum to 68 for Graptopetalum) was 
evident. Nuclear volumes have been observed 
by Sparrow and Evans‘! to be highly corre- 
lated with radiosensitivity to chronic gamma 


ranging from 3. for 


irradiations. Volumes of generative nuclei in 
pollen were estimated for the species studied 
here, and no correlation was apparent either 
with the radiosensitivity or with the pollen 
volume. Although ionizations per unit volume 
remain constant for pollen of differing volumes, 
the probability that cellular poisons such as 
peroxides mediate much of the damage may 
serve as one rationale for the apparent pro- 


portionality of size and radiosensitivity. It is 


instructive to calculate, following Lea,“ that 
ca. 2-510! ionizations are produced in a 
petunia pollen grain (diam. 35 ~) by a 90 per 
cent-lethal dose of one-half million roentgens. 


Fic. 3. Enhancement by desiccation of radiosensitivity 
of pollen. “Wet” pollen at 50 per cent relative 
humidity; “dry” pollen, treated over CaCl,. 


LD,g=225 kr). No effect of 
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Desiccated pollen proved to be roughly twice 
as sensitive as pollen treated in air at 50 per 
Fig. 3). Pollen were 
desiccated over P,O, (2 « 10-° mg H,O/1. air 
and retained in sealed plastic vials in air over 
CaCl, (210-4 mg H,O/1. air) during treat- 
ment. Dry pollen thus react similarly to dry 
in. which 


cent relative humidity 


seeds (4 per cent moisture content 
seedling heights, largely reflecting cell elonga- 
tion, are taken as the criterion of radiation 
damage.@*) In contrast, hydration commonly 
increases radio-sensitivity in many living systems, 
enzymes, etc. That cytological damage may be 
enhanced by irradiation in a dry system was 
indicated by CaLtpecorr®®*) for barley, although 
not by Worrr™’? in Tica. It has been suggested 
that direct damage mediated by free radicals 
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Fic. 4. Environmental modification of radiosensitivity of Ornithogalum virens pollen; all 


assume a leading role in energy transfer to the 
dry system.) 


The desiccation effect on pollen LD,,’s was 


shown to be dependent on the presence of 


oxygen. Desiccated pollen irradiated in helium 
were as radioresistant as the “wet” pollen 
irradiated in helium at 50 per cent relative 
humidity. The oxygen effect thus was com- 
paratively small in “wet” pollen, compared to 
the dry system. 

Storage of dry pollen enhanced radiation 


damage greatly (Fig. 4+), although no effect of 


storage up to 48 hr was measurable with wet 
pollen. In order to circumvent the storage 
effect that might occur during the treatments 
(12 kr/min), dry pollen were frozen for storage 
effect studies, as those illustrated in Fig. 4. 


3 


IN kr 


irradiations were of desiccated (1 hr over P,O;) anoxic (1 hr helium) and frozen 
80°C) pollen; (1) pollen thawed stored one hour in air (50 per cent relative humidity) 
prior to germination; (2) pollen thawed and hydrated immediately in air; (3) pollen 


thawed and hydrated anoxically. 
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80°C, irradi- 
ated and thawed prior to sowing or storage at 


Desiccated pollen was frozen at 


22°C over P,O, in the presence of oxygen. A 
measurable increase in sensitivity had occurred 
in 30 min storage (Fig. 4); this evidently 
levelled out in | hr. Pollen kept frozen for one 
week following storage reacted exactly as the 
pollen germinated immediately after treatment. 
These results are in most respects comparable 
to those of Catpecorr®®) and Curris@® on 
barley seeds at 4 per cent moisture content. 
Although extensive studies have been made 
of cytogenetic damage following u.v. and nt‘? 
treatments of pollen, the effects of such mutagens 
on pollen germination have not been detailed; 
u.v. treatments must be exceedingly high to 


inhibit germination, a consequence in part of 


the rapid tissue. (165) 
Germinations of pollen from Ornithogalum virens 
diam. 75 1), Petunia inflata (diam. 35 4) and 
Saintpaulia ionantha (diam. 19 2) were reduced 
by 50 per cent with treatments of ca. 20 x 108, 
10 x 108, and 510% erg/cm?, respectively.“® 
Although treatments of 5 «108 erg/cm? frac- 
tionated the pollen-tube chromosomes of Trades- 


absorption of u.v. in 


cantia (4427 uw), little effect on germination 
was noted by Lovetace.”® Preliminary treat- 
ments with thermal neutrons (<1r gamma 
contamination) suggested LD,,—10" n‘*/cm? 
for desiccated pollen of Ornithogalum virens. 

The high lethal doses and sigmoidal nature of 
radiation-killing curves for pollen growth (Fig. 
2) suggest a cumulative type of physiological 
action, probably affecting principally the cell 
membranes and cellular machinery involved 
in the synthesis of cellulose, pectin and callose. 
SCHWINGHAMER“4” observed killing curves for 
urediospores of Melampsora lini in a range essen- 
tially comparable to those of pollen grains. 
Irradiation treatments induce 
immediate as contrasted with delayed death of 
Protozoan species have been reported in com- 
parable ranges,‘87) with complete killing between 
300 kr and 500 kr. Immediate death requires 
doses of a similar magnitude in other organ- 


necessary to 


isms,{8% while cell elongation in barley seeds 
requires ca. 10° r for complete inhibition. It is 
probable that protoplasmic coagulation and 
damage to cell membranes play vital roles in 
each of these irradiation effects. 
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C. Irradiation-induced stimulation 

Stimulation of growth by irradiation has 
been a subject of some interest to the radio- 
biologist and one on which pollen research 
provides conflicting evidence. 
reported the most extensive X-ray data inter- 
preted to indicate radiation-stimulation of 
pollen germination and tube growth. Pollen of 
several species were irradiated in the anthers 
with filtered 40 kvp X-rays and germinated in 
sucrose solutions without added borate. Con- 
trol germination was poor, clearly a consequence 
of the absence of borate and probably also of 
calcium ion.‘ Greatly enhanced germination 
percentages were reported for 7zlia species and 
for Colchicum speciosum following moderate irradi- 
ation cannot be calculated). The 
“average lengths of the 25 longest tubes’? were 
increased greatly at low dosages, an observation 
which may have been biased appreciably by the 
size of populations observed. In species of Rosa, 
Philadelphus and Lupinus, radiation treatments 
either had no effect or depressed pollen germina- 
tion and growth. The more extensive data from 
Tilia euchlora suggest that germination was 
enhanced as much by increased sucrose as by 
the irradiation. It is noteworthy that Nrxrrin’s@?”) 
best germination was in 100 per cent sucrose 


(dosages 


solutions, an achievement unmatched elsewhere 
in the extensive pollen germination literature.“ ® 

BresLAvetz" interpreted her results with 
hyacinth pollen to suggest the stimulation of 
tube growth by X-ray doses between 100 r and 
1600 r (although not at 400 r). The limited 
data (fifty pollen tubes in each of six treatments 
without replication) evidently have not been 
amplified by further trials. IVANov‘®®) suggested 
that germination and tube growth of .Vicotiana 
rustica pollen were more rapid following treat- 
ments with 4—6 kr. Higher treatments (<30 kr) 
did not influence these characters, and inhibition 
was not observed at the maximum dose of 70 kr. 
Similarly, SWAMINATHAN and Murry*)  re- 
ported an enhancement of pollen tube growth 
following low-dose X-irradiation applied to 
pollen of Nicotiana tabacum and N. rustica. At 
least 100 tubes were measured in each of ten 
treatments, and significantly-enhanced growth 
recorded at 2:4, 4:8. 7-2 and 9-6 kr. Unlike 
Ivanov’s results and those of other investigators, 
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however, germination and growth were signifi- 
cantly depressed at these low doses, germination 
decreasing aduptly above 4-8 kr for V. rustica. 
The singularity of these germination results 
referred to earlier) and the notorious variability 
of tube growth in vitro may bear some relation- 
ship to the suggested tube-growth enhancement. 
No increase of germination or tube growth has 
been reported in similar low dose-range studies 
reported’? 24. 133,134) nor by the present authors. 
Although acceleration of protoplasmic streaming 
has been reported with supporting data for 
root and stamen hairs, no confirmation was 
provided in studies of pollen-tube streaming by 
BisHop, McLAUGHLIN and Taptey.‘*) 
Experience with the vagaries and variances 
of pollen germination and growth® urge the 
precaution of providing statistical significance 
before radiation-stimulation can be accepted as 


fact. 


D. Resume 

Pollen germination, the elongation of a single 
haploid cell, may be inhibited only by fairly 
severe X-ray doses ranging about an average of 
220,000 r. Pollen size appears correlated with 
LD, , with LD,, 
range —35 kr to 550 kr). Desiccated pollen are 
ca. twice as sensitive as “‘wet” pollen, but only 
if irradiated or hydrated in oxygen; anoxia 
removes this effect. Sensitivity increases when 


large grains more sensitive 


desiccated pollen are stored following irradia- 
tion at room temperature with oxygen. Freezing 
does not alter sensitivity. The evidence for 
and growth by 


stimulation of germination 


irradiation is considered inconclusive. 


Ill. POLLEN-TUBE MITOSIS 


Binucleate pollen grains characterize perhaps 
two-thirds of the species of flowering plants.C® 
Such grains undergo a second mitotic division 
during pollen tube development. It was 
recognized in the pioneering investigations of 
Navashin on Lilium and Fritillaria prior to 1900 
that the haploid chromosome complement often 
could be detailed satisfactorily at this “‘pollen- 
22, 23). It remained 


tube” mitosis (ref. 124, Figs. 
for PoppuBNAJA-ARNOLD1") and especially for 
and Catcuesipe and to 
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demonstrate the elegance and utility of this 
division for radiobotanical studies. 

Cultural techniques for chromosomal analysis 
following feulgen staining of the pollen-tube 
division are reviewed by ConGer.‘*® 

Colchicine is used almost exclusively in these 
techniques, replacing and 
other spindle inhibitors. It has been shown that 
small populations of most binucleate pollen 
types germinate, grow and undergo mitosis 
most successfully in calcium-ion supplemented 
aqueous media. Advantages of such media 
over the conventional agar media include the 
earlier appearance of metaphase plates and 
enhanced uniformity of germination and growth. 
The pollen-tube cytological technique has been 
used rather little, evidently as a result of diffi- 
culties in cytological resolution. Only one genus, 
Tradescantia, has been used to any great extent, 
although nearly 500 binucleate species have 
been cultured satisfactorily im vitro through 
second mitosis. Pollen of most of these species, 
like Tradescantia, are shed with the generative 
cell in late interphase (G,) or very early pro- 
phase, following DNA doubling, while some, as 
Ornithogalum virens (Liliaceae), are shed in early 
metaphase (Fig. 1). The distinction between 
late interphase and early prophase can be made 
satisfactorily in most species since the greatly 
recognizable as 
an 


elongated chromosomes are 
double threads in flattened 
observation simplified by mild hydrolysis.“!") 
provided _ initial 
demonstration of the abnormalities observable 
at pollen-tube mitosis following X-irradiation. 
bridges and frag- 


Micronuclei, chromosome 
ments, misdivision and mitotic inhibition were 
recorded in Pisum sativum, Nicotiana rustica and 
Allium cepa. Generative nuclei rarely divided 
after treatments of 2 kr in Pisum and 10 kr in 
Nicotiana. Similar events were chronicled for 
N. rustica by Ivanov'®® and for hyacinth by 
BRESLAVETZ.") 

The pioneering radiobotanical researches of 
Sax,44) Lea?) CarcHesipe®® and their co- 
workers were based largely on the cytological 
clarity of the first post-meiotic mitosis in 
Tradescantia anthers. This “‘microspore mitosis” 
normally occurs 5 to 6 days prior to anthesis in 
Tradescantia."?® ‘*Effective doubling” of the 
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chromosomes within 36 to 48 hr after micro- 
spore mitosis was confirmed by NeEwcomse'!?® 
by the appearance, following irradiations at that 
time, of X-ray-induced chromatid aberrations 
at the following pollen-tube mitosis. 


A. Aberrations recovered at pollen-tube mitosis 


Tradescantia pollen tubes were shown by 
tg provide a most satis- 
factory cytological tool for irradiation studies, 
particularly for the study of ultraviolet and 
other low-penetrating irradiations which could 
not be used on multi-cellular tissues. Cytological 
aberrations have been detailed for Tradescantia 
exclusively at metaphase of pollen-tube mitosis; 
predominant among these are breaks of single or 
paired chromatids. The scoring of breaks 
deletions”) has been based on the appearance 
of conspicuous gaps in chromatid or iso-( paired) 
chromatids. Only rarely are chromatid frag- 
ments dislocated prominently, evidently due to 
their association with the unbroken chroma- 
tid.¢7 Achromatic lesions occur commonly in 
this as in other cytological material,@” and 
increase in frequency with increasing dose.“*” 
The cause for such gaps is unknown. They do 
not appear to represent incompletely separated 
deletions in the Vicia root tip material,@” and 
may attribute instead to despiralized or separ- 
ated coils, or perhaps to interstitial chromatid 
losses, potential or “latent”? breaks“ or matrix 
lesions. Data from anaphase fragments are not 
available, nor readily obtainable, to permit un- 


equivocal evidence on the validity of this 
distinction between gaps and chromatid breaks. 
aberrations 
observed in pollen-tube mitosis is essentially 


The spectrum of cytological 


the same as that observed at mitotic metaphase 
in other tissues. Since the chromosomes are 
effectively doubled in all pollen for which data 
are available, however, ‘“‘chromosome breaks” 
(breaks prior to effective chromatid doubling) 
are not recovered at pollen-tube mitosis. Com- 
parisons of pollen-tube mitosis with, e.g. micro- 
spore mitosis in Tradescantia anthers@* are 
particularly relevant, and show essential simi- 
larity of the types and ratios of different aberra- 
tions from different radiation treatments. The 
types of structural changes encountered are 


liberally reviewed by Catcuesipe*) and other 
authors. (33 35: 102, 172, 179) 

Three classes of aberrations are scorable at 
pollen-tube mitosis: chromatid breaks, iso- 
chromatid — breaks paired 
chromatids) and exchanges. The observed 
breaks represent only a small fraction of those 
induced, as in other tissues.“%) Estimates of 


(involving both 


restitution of chromatid breaks were essentially 
the same, 92-7 per cent and 94-2 per cent 
respectively, from pollen-tube and microspore 
mitosis data of CatrcuesipE and Lea.) Simi- 
larly, sister reunions of paired chromatids in 
isochromatid breaks lead to the same con- 
sequences as in other tissues, with non-union 
rare (<20 per cent) except under certain radia- 
tion régimes. Exchanges resulted in a diverse 
assortment of aberration figures.“ The relative 
yields of the three main types of aberrations are 
altered profoundly by time and type of treat- 
ment, to which the following sections are in part 
devoted. 

X-irradiations of mature pollen by Swan- 
largely produced isochromatid breaks, 
scored as “‘chromatid dicentrics’’, since over 
80 per cent of the chromatid ends fuse. §® 
About 18 per cent of the aberrations were 
chromatid breaks, and a similar fraction was 
scored as exchanges (“‘chromosome dicentrics”’ 
and ‘‘chromatid exchanges’’). This ratio of 
about 3:1 :1® for isochromatid breaks: chroma- 
tid breaks: exchanges was borne out by sub- 
sequent studies of SwAnson@* in which 370 r 
treatments with unfiltered 60 kvp X-rays were 
made of Tradescantia pollen sown on agar. 
Isochromatid breaks are relatively more fre- 
quent from interphase chromosome treatments 
scored at microspore mitosis.“*® Irradiations of 
room-dry pollen from the same clone by 
Krirpy-SmitH and at comparable 
doses were ca. twenty-five times as’ effective as 
those of Swanson, who irradiated pollen on 
moist agar. The greater sensitivity observed by 
and may be attributed 
in part to desiccation, as noted for pollen germin- 
ation (Section II B) and for other systems.“ 4) 
Nonetheless, in each of these studies with mature 
pollen, the ratio of isochromatid — breaks: 
chromatid breaks: exchanges remained about 
the same. Thermal neutron and Co*-gamma 
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treatments of pollen by Kirpy-SMITH, SHEPPARD 
and produced similar aberration 
ratios as did treatments with $-rays from P#?,(%) 
In contrast to these results, u.v. treatments 
produced less than half as many isochromatid 
breaks as chromatid breaks and only rare 
exchanges following pollen treatment ;‘** com- 
parable data occur from studies of Tradescantia 
microspore mitosis following anoxic X-irradia- 
tions.“*® This effect attributes in large part to 
the low energy quanta (4-6 eV) of u.v., resulting 
in u.v.’s reduced ability to break both paired 
chromatids. The evident similarity of X-ray and 
u.v. ratios of isochromatid: chromatid breakage 
in Tradescantia pollen and those calculated from 
maize endosperm and Drosophila mutation data 
has been noted elsewhere in this review (Section 
IV A 1) and supports the contention that the 
Tradescantia generative nucleus in mature 
pollen presents essentially the same cytological 
target to radiations as do the sperm of trinucleate 
pollen or of animals. 

X-ray treatments (60 kvp) applied to nuclei in 
Tradescantia pollen tubes about 2 hr after sowing 
produced about 3 chromatid breaks: | iso- 
chromatid break: | exchange.“*!72:'7 Rela- 
tively higher frequencies of isochromatid breaks 
were recorded by Evans and Neary®) using 
250 kvp X-rays.“7® The striking increase in 
chromatid aberrations, relative to pollen treat- 
ments, was viewed as the consequence of spatial 
separation of chromatids as nuclei pass down the 
pollen tube.“ u.v. treatments applied to grow- 
ing tubes produced only rare isochromatid 
breaks. 73.17% 

Chromatid-end unions following isochromatid 
breaks lead to four cytological classes :@% 3% 102) 
sister union (SU) of both ends, union in the 
acentric fragment (*‘non-union distal’ or NUd), 
union in the centric fragment (‘‘non-union 
proximal” or NUp) and no union (NUpd). 
Proximal and distal unions in Tradescantia 
pollen-tubes occurred in equal frequency.@” 
Of the total ends free to reunite, only 7 per cent 
of the 100 X-ray-induced by CatTcHEsipE and 
Lea“ did not participate in unions or trans- 
location, a figure comparable to that derived 
from microspore mitosis data in Trades- 
cantia.* 12) In contrast, 45 per cent of the 
isochromatid aberrations observed following 
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u.v. treatments in air by Kirspy-SmirH and 
Craic®® were incomplete reunion types. 

Exchanges at pollen-tube mitosis were ob- 
served only rarely (less than 5 per cent of the 
frequency of chromatid breaks) following u.v. 
treatments of Tradescantia pollen by Kirpy- 
SmiruH and It has been suggested that 
a lowered propensity of u.v.-induced breaks to 
rejoin can be held responsible for the low fre- 
quency of u.v.-induced exchanges in a great 
variety of material.(-33.49,114, 168,169,173) The 
rarity with which single chromatid breaks (vs. 
isochromatid breaks) participate in exchanges 
following pollen or pollen-tube irradiation 
also contributes greatly to the discrepancy 
between u.v. and X-ray exchange data. Since 
the ratio of isochromatid breaks to chromatid 
breaks following u.v. treatment of pollen is 
1 : 2 (6: 2 for X-rays, ref. ‘°®), the proportion 
of exchanges similarly might be expected to fall 
by a factor of 6, perhaps more correctly by 
6)!%; 402) the observed drop is by a comparable 
factor of 15 or 20.0" 

Echanges were described by CATcHEstbE and 
Lea®) for Tradescantia pollen tubes, and 
unravelling them revealed the expected complex 
of possibilities. Intra-chromosomal exchanges 
leading to rings and inversions were appreciably 
less frequent following pollen-tube irradiation 
than were inter-chromosomal exchanges, the 
ratio obtained (6:21) being similar to that 
observed (ca. 1:3) in studies of microspore 
mitosis.“ Two of the twenty-seven exchanges 
observed by Carcuesipe and Lea“ were in- 
completely fused, a frequency also comparable 
with that (15 per cent) observed at microspore 
mitosis following X or treatments.@% 
These figures did not differ significantly from 
those of incomplete reunions of isochromatid 
breaks.443% Symmetrical and asymmetrical 
exchanges occur with equal frequency, as 
observed similarly in other material by Lea“®?) 
(Table 53), Carcuestpe and Lea®) and 
Evans.©)) 

In the absence of irradiation, chromosome 
aberrations in Tradescantia pollen tubes are not 
rare, ranging from 0-2 per cent of the cells 
scored”) to between 2 and 4 per cent.(@! 
Storage of Paeonia and Aniphofia pollen by 


BARBER™ resulted in great enhancement of 
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aberrations at pollen-tube anaphase. Prominent 


among these were chromatin bridges not 
associated with fragments, simulating end- 
unions of sister-chromatids, as suggested for 
Kea by Ma.“°S) Over 80 per cent of the cells 
studied by BARBER” were aberrant after 40 
days storage. Anaphase data evidently have not 
been reported for other pollen-tube studies. 


Pollen storage enhanced mutation rates in 
and Datura. 

ConGer and Faircuitp®@ observed chromo- 
some breakage in Tradescantia pollen tubes 
following oxygen treatments of pollen identical 
to that induced by irradiation. Pollen held in 
oxygen (dry) for | hr exhibited breaks and 
exchanges comparable to that of 100 r X-ray 
treatments. Following 2 hr treatments in Og, 
94 per cent of the cells were aberrant, averaging 
over seven fragments per cell. The oxygen 
reaction was not influenced by light, but was 
related to partial pressure of the oxygen and the 


duration of exposure. ‘The inference was made“! 


that oxygen treatments lead to the formation of 


radicals similar to those induced by ionizing 
radiations. The pollen storage phenomena and 
spontaneous aberration frequencies may simi- 
larly be related to oxygen-induced damage. 

The location of induced breaks in Tradescantia 
were studied by Swanson“) for chromosomes 
irradiated with u.v. and X-rays. Data from u.v.- 
irradiated pollen tubes (2 hr after sowing) 
showed significant deviation from expected 
randomness of breaks, with lower breakage 
frequencies near the centromere. X-ray data 
showed a similar although non-significant trend. 
Random distribution was observed for breaks 
induced in Gasteria pollen “®® and maize,@* 
while non-randomness has been observed in 
Drosophila?*® as well as in tomatoes® and other 
materials. 

An effect of u.v. radiation on the chromosome 
matrix was suggested by Swanson@*) for 
irradiated pollen-tube nuclei, although similar 
evidence has not been obtained for u.v.- 
irradiated pollen.{4% 89 At doses of 3 x 10° erg, 
the amount of coiling observed by Swanson?) 
appeared to be depreciated by half, while 
higher doses shortened the chromosomes per- 
ceptibly. The effect of u.v. on protein consti- 
tuents'*® was considered pertinent.“* Further 


B 


studies seem advisable to clarify the presence 
and significance of matrix on the u.v. damage 
and non-rejoinability of u.v. lesions. 


B. Development and sensitivity 

A series of investigations was by 
Swanson“ of the changes in radiosensitivity 
as pollen tubes emerged and grew on agar. 
Preliminary treatments at 2 and 4 hr following 
sowing with 124 r showed a marked increase of 
chromatid breaks with time, with a slight 
decrease in isochromatid breaks (‘‘double 
deletions’). The data from 370 r treatments" 
were more extensive, and are reviewed and 
plotted by Swanson and Sraprer.“*® The 
base-line for these subsequent comparisons has 
been the response of mature pollen to the 370 r 
treatment. This response appears to have been 
discrepantly low, average 0-10 aberrations per 
cell, well below those of 0-24 and 1-3 which can 
be estimated from earlier data of Swan- 
son, and appreciably below that of 
ca. 2 aberrations per cell at 370 r calculated 
from treatments of other investigators.4 5? 9) 
The probability that differences in moisture 
content are of significance can be asserted, in 
view of the evidence for enhanced radio- 
sensitivity of dry pollen in pollen germination 
studies (see Section IIB) or of dry seeds.@* 4% 

A sharp rise in all classes of aberrations was 
observed by Swanson’) when nuclei were ir- 
radiated at 370 r following germination. The 
significance of the two-fold rise in isochromatid 
breaks the first hour following sowing may be 
questioned, in view of the conflicting data of 
124 r treatments."*9 Treatments applied at 
later stages of tube growth resulted in a gradual 
decrease of isochromatid aberrations and ex- 
changes (Lea,@°) Table 49), reflecting in- 
creased separation of chromatids. Chromatid 
breaks were shown to be significantly more 
frequent in tubes irradiated between | and 
5 hr after sowing than in either the older tubes 
or mature pollen,“**!7) and the ratio of 
isochromatid to chromatid events changed 
rapidly from ca. 3:1 to ca. 1:3 in the two 
hours following sowing. A corresponding rise 
at 2 hr was noted for exchanges by Swanson," 7? 
It was proposed that increased sensitivity of the 
chromosomes in pollen-tubes resulted largely 


Re 
4 
AS 
IL. 
= 
‘ 
. 
Wa 
age 


114 


from chromosome elongation and water uptake. 
Corresponding increases in chromatid breaks 
were recorded following u.v. treatments of 
growing tubes, although it is evident that the 
u.v. absorption by pollen wall and_ pollen 
clumping could account for the 50 per cent 
reduced effectiveness of pollen u.v.  treat- 
ments.“78 Only rarely were other types of 
u.v.-induced aberrations noted in this material. 
Following 5 or 6 hr growth, aberration fre- 
quencies induced by u.v. or X-rays returned to 
control levels’™ indicating that damage intro- 
duced at this late prophase stage was no longer 
expressed as metaphase lesions. 

Ultraviolet breakage detailed by SwANson™** 
from irradiated pollen and _ pollen-tubes in- 
cluded no isochromatid aberrations or ex- 
changes. However, the more extensive u.v. 
irradiations of mature pollen by LoveLace”®? 
and Krrpy-SmirH and resulted in 
relatively high frequencies (ca. 30 per cent) of 
isochromatid aberrations, although with only 
rare exchanges. It is evident that spatial 
separation of chromatids during prophase 
accounts for the rarity or absence of isochromatid 
aberrations from u.v. irradiated pollen-tube 
nuclei. 


C. Dose response and relative effects of different 

mutagens 

Dose responses utilizing the Tradescantia 
pollen tube cytological test have been recorded 
(89, 107, 173,175,179) X-ravs, (34 90) Co 
gamma rays and P*® beta rays‘) and fast 
neutrons.) The increase with dose of chromatid 
aberrations was very nearly linear in all of these 
studies, reflecting primarily one-hit breaks, 
while frequencies of isochromatid aberrations 
and exchanges departed from linearity with 
increasing dose.‘ 

Chromatid aberrations which 
distinct separation between the two chromatid 


“revealed a 


ends” increased linearly with u.v. dose (largely 
9537 A applied by Swanson™*®) to tubes 2 hr 
after sowing. Breaks increased from 0-7 per 100 
cells at 2:5 « 10 erg/cm? to 10-1 per 100 cells at 
erg/cm?.4%179 More extensive and 
similar data were reported for monochromatic 


u.v. light at 2536 A.@73) Linear increase of 


chromatid breaks also was recorded for Hg 
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arc-u.v. of 2967 to 3022 A, despite the low 
efficiency (3-10 per cent) of these wave lengths 
relative to 2537 A.“7) Comparisons with maize 
endosperm data (Section IV B) indicated a 
much lower efficiency per quanta u.v. for the 
pollen-tube breakage test. ‘The question remains 
open to what extent “‘gaps” or achromatic 
lesions, which also increase proportionately 
with dose,@”) may have been included in these 
estimates of chromatid breakage. 

It was found that u.v. treatments of ripe 
pollen (Loverace®®’? and Kirsy-SmirH and 
Craic'’®) resulted in all classes of aberrations. 
Dose response data were too limited to permit 
estimates of departure from linearity, although 
evident “‘saturation” of breaks can be seen at 
higher doses (above 10® erg/cm?). No effect of 
u.v. intensity was discerned over a range from 
90 to 1000 erg/cm?/sec{S® although the small 
number of exchanges following u.v. treatments 
precluded critical time-intensity data. ‘Time- 
intensity effects for breaks alone are essentially 
negligible.@® At u.v. doses, exceeding 10® 
erg/cm?, isochromatid fragmentation or ‘‘shat- 
tering’’ was reported by te be 
common. Fragmentation was distinguished from 
isochromatid breakage by the evident non- 


randomness of affected cells and localization of 


multiple breaks. ‘Shattered’ pieces commonly 
appeared somewhat distinct from short iso- 
ragged 


chromatid fragments, reputedly having 
edges”.2°” TIsochromatid aberrations and shat- 
tering rose markedly at high u.v. doses, while 
chromatid aberrations increased little above 
erg/cm?.(8% 106.199 evelling-off of the iso- 
chromatid breakage and shattering frequencies 
occurred at erg/cm*®. At 1-8x 108 
erg/cm?, roughly 40 per cent of the cells con- 
isochromatid 


tained ‘“‘shattering’, with 67 
aberrations per 100 cells; these frequencies 
increased to 57 per cent and 140, respectively, 
at 4:5 10® erg/cm?.2°? It appears probable 
that fragmentation and isochromatid breakage 
relate to more or less similar action of u.v., while 
the differential response of chromatid breakage 
is enigmatic. 


The effects of u.v. have differed from those of 


ionizing radiations in two major ways; u.v. 
produces fewer isochromatid aberrations relative 
to chromatid breaks, and fewer reunions occur 
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among u.v.-induced breaks (leading to reduced 
frequencies of sister unions and exchanges). 
The bases for these differences are considered 
to be (1) the inability of the low-energy u.v. 
quanta (4-6 eV. vs. ca. 10% eV. for X-rays) to 
chromatids simultaneously, 


break separated 


and probably also (2) a lowered propensity of 


u.v.-broken ends to participate in fusion. The 
possibility that effects of u.v. on the matrix lead 
to decreased rejoinability was advanced by 
Swanson.“ The relative effectiveness per 
quanta of u.v. to X-rays has been calculated to 
range between | to 5000 and | to 500 in pro- 
ducing chromatid breaks.$*” 

A survey of u.v. spectra ranging from 2350 A 
to 3654 A was carried out by Krrsy-Surru and 
Craic’’® for relative aberration frequencies, 
following preliminary studies by Swanson,“*) 
A close correspondence of aberration yields to 
the absorption spectrum of nucleic acids was 
observed. Similar data (Section IV B) were 
provided for maize by STADLER and UBer.'1®?) 

Price“ recorded the percentages of genera- 
tive nuclei which failed to divide following 
X-irradiation of mature lily pollen. Division 
rarely occurred at treatments above 22 kr, and 
91 per cent, 61 per cent and 23 per cent cf the 
divisions failed at 18, 14 and 10 kr, respectively. 
Cytological abnormalities were noted in pro- 
fusion from pollen irradiated at lower doses, 
including fragments, rings and bridges.* 154 It 
was estimated that 90 per cent of the chromo- 
somes showed structural changes following 4 kr 
treatments,“ although pollen-tube growth 
continued normally at this dose. 


Intensive studies of the relative efficiencies of 


different ionizing radiations have been reported 
by CatrcHuesipeE and Lea® and by Kirsy- 


The comparative efficiencies of 


X-rays between 0-15A and 8-3A in wave 
length were studied by CarcuHestpe and 
Irradiation of Tradescantia pollen tubes were 
made 3 hr after sowing with X-rays of 0-15 A 
(“hard” 80 kvp X-rays), 1-5 A, 4:1 A and 
8-3 A. The coefficients of chromatid aberrations 
cell/r were 5-8, 6:2, 11-0 and 1-0, respectively, 
for the four wave lengths tested. Similar evidence 


of the apparent superiority of the 4-1 A wave 
length was deduced from isochromatid breaks 
and exchanges, which were related by the 


authors to (dose)! and (dose)?, or ‘‘one-hit”’ 
and ‘“‘two-hit”’ events, respectively. (See, how- 
ever, later discussion of isochromatid breaks. ) 
The efficiency of electromagnetic radiations 
of different wave lengths is a function of the 
ionization distribution. ‘The chromosome clearly 
cannot be broken by a single ionization, as it 
presents a target too massive (1000A_ dia- 
meter)“6? for the range of energy distribution 
about a single ionization in tissue (ca. 20 A). 
Lea and Carcnesipe”®) have presented the 
classical arguments that the densely ionizing 
“tail” (ca. 2800 A in length) of an electron- 
ionization track is responsible for most of the 
chromosome breakage, and that an average of 
17 ionizations must occur in the chromosome 
for a break to occur. X- or y-rays of very short 
wave lengths (e.g. 250 kvp X-rays) are highly 
penetrating, distributing a _ disproportionate 
share of their energies in scattered ionizations 
before “tailing off”, therefore leading to their 
reduced efficiency per ionization. In contrast, 
X-rays of very long wave lengths similarly may 
be calculated to be less efficient than mid-range 
30 kvp X-rays,“ since the electron track may 
often be too short to produce the requisite 
density of ionizations in the chromosome. The 
data from pollen-tube chromosome breakage 
(largely isochromatid) provided support for 
these theories. 34 9-102) Tn contrast, evidence 
from Tradescantia microspore mitotic studies 
indicated that isochromatid breaks alone showed 
this relationship, while chromatid breaks in- 
creased correspondingly with decreasing wave- 


‘ 


length over a range from Co® y-rays to 50 kvp 
examined the relative efficiencies of wave 
lengths shorter than | A on breakage at micro- 
spore mitosis, showing a continued drop in 
relative biological efficiency as wave length 
decreased. No difference in chromatid: iso- 
chromatid ratios was observed, unlike the 
observations of Swanson.“ 7® 

The yields of isochromatid deletions and 
interchanges following pollen treatments of 
100, 200, 300 and 400 r of X-rays, y-rays and 
§-rays were recorded by Kirpy-SmirH and 
Dantes.‘ Pollen were desiccated prior to 
treatments under room conditions. A non-linear 
component was observed in most experiments 
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for isochromatid breaks at pollen-tube mitosis, 
indicating that some, if not most, isochromatid 
aberrations required the independent breakage 
of both chromatids. ‘The recorded increase in 
yields of isochromatid breaks®* was nearly 
proportional to dose™*), which is characteristic 
of two-hit systems in which frequent restitution 
of breaks occur.“°”) 

@-rays from labelled bakelite plaques 
produced aberrations similar to, and in nearly 
the same from 
y-irradiations. The similarity of the results was 
viewed by Kirsy-SmirH and as a 
consequence of the similarity in_ effective 
energies of the two radiation sources; P®* 6-rays 
are emitted with energy of 400 kvp, while the 
effective energy of electrons produced in tissue 
by the Co® y-ray is ca. 450 kvp. 

The effects of fast neutrons were investigated 
for Tradescantia pollen by Kirspy-SmirH, SHEP- 
PARD and Aberration frequencies 
per 100 cells ranged from 15 chromatid: 44 
isochromatid: 17 exchanges at a dose equivalent 
to 25 rep to 41: 156:55 at 99 rep. The 
relative efficiency of fast neutrons to 200 kvp 
X-rays was calculated to be about 5,” which 
compares favourably with RBE’s of 5-10 which 
have been reported for 7radescantia microspores 
and of 5-7 for dominant lethals in Drosophila. 
The relatively low RBE of 2 calculated for corn 
endosperm markers and seed lethals is discussed 


frequencies as, those 


elsewhere in this paper (Section V). 
Summarizing the relative biological effici- 
encies of radiation from the several studies of 
Tradescantia pollen-tube mitotic aberrations, the 
following data have been compiled :‘*”? 


y-rays, Co® (ca, 450 kvp) 1-0 
B-rays, P®* (ca. 400 kvp) 1-0 
X-rays, 0-06 A (200 kvp) 1-5 
X-rays, 0-2 A (60 kvp) 2-0 
Fast neutrons 8-0 


D. Multiple mutagen treatments 

The interrelationships of multiple pollen- 
irradiation treatments, particularly those com- 
bining u.v. and X-rays, have been examined 
with some rather puzzling, if not incongruous, 
results, (9; 105,175,179) Swanson”) first examined 
the effects of u.v. pre-treatments on X-ray- 
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induced aberration frequencies. u.v. treatments 
were applied to hour-old tubes and followed in 
one hour with 247 r or 371 r of X-rays. The 
effects of the two treatments were in no way 
additive, the data resembling greatly those of 
X-ray treatments alone.47!7 At high u.v. 
levels cannot be calculated) the 
numbers of isochromatid breaks and exchanges 
were markedly depressed to about 20 per cent 
of the frequency obtained by X-irradiation 
alone. It was suggested that u.v. treatments 
reduced the ability of the paired chromatids to 
break simultaneously. Similar data were reported 
by Lovetace™® with, however, the suggestion 


(dosages 


of increased isochromatid aberrations when u.v. 
(3 x 10° erg/cm*) preceded the 250 r 
under conditions otherwise 


treatments 
y-ray treatments 
comparable to those of Swanson. Other pre- 
liminary data led Love to 
significant variation in the u.v.-inhibition effect 


suggest 


due to differences in dose, wave length, and 
time between treatments. This inhibitory action 
of u.v. on subsequent X-ray damage, reported 
also from Drosophila,*’'*) may be related to 
the low restitution of u.v.-broken chromatid 
ends in pollen-tubes,“* perhaps also to the 
fragmentation phenomenon.”°?) 

More recently, u.v. pre-treatments by Kirpy- 
SmirH, NicoLetti and Gwyn‘) were reported 
to enhance greatly the effectiveness of succeeding 
X-ray treatments of 7radescantia pollen (50 per 
cent relative humidity). Similar observations 
were made for mutation yields in Aspergillus by 


Swanson.@ u.v. treatments in Tradescantia of 


2 « 10° erg/cm? were followed up to 4 hr later 
by 50r or 150 r treatments, and _ increases 
recorded up to five-fold in aberration frequency 
above purely additive response. A significant 
increased 


depression of this synergism by 


moisture content has also been suggested. 


Tandem treatments with u.v. and X-rays of 


Tradescantia pollen-tubes by Swanson”) led 
to almost complete inhibition of exchanges. 
However, when u.v. treatments followed the 
X-ray treatment by 30 min or more, the 
exchange rate returned to that of the X-ray 
treatments alone. It was proposed by Swan- 
17 that u.v. treatments affected the 
matrix in such a way that X-ray breaks were 
made less able to rejoin. The data do not permit 
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equally serious consideration of the suggestion *®) 
that u.v. treatments prior to X-irradiation have 
a similar effect. Breaks are known to remain 
“open” for various periods of time, able to 
participate in reunions for several minutes in 
Tradescantia microspores and other plant cells. 
This “‘open” period is seen by Swanson?) to 
account for the absence of u.v.-inhibition effect 
when the treatments followed X-rays by 
30 min or more. Chromatid break frequencies 
were reduced from the expected 
additivity by tandem X-ray and u.v. treatments, 
in the same manner as they were when X-ray 


greatly 


treatments were followed in one hour by u.v. 
treatment. X-ray-induced isochromatid-break 
frequencies were not affected by subsequent 
u.v. treatments. The possibility is entertained“) 
that u.v. increased the restitution of chromatid 
breaks, perhaps via matrix effects. Unfortu- 
nately, data were not presented for sister unions 
of isochromatid breaks. 

Significant depression of X-ray-induced em- 
bryo lethals (which may be considered largely 
as two-hit deletions) by u.v. post-treatments was 
reported in maize by Scuurrz,“*) a pheno- 
menon which may similarly be interpreted to 
indicate u.v. effects on the ability of X-ray- 


induced breaks to rejoin. u.v. destruction of 


protein and production of dimer-type cross 
linkages in nucleotides*®) might be implicated 


in u.v.’s effect on subsequent rejoinability of 


broken chromosome ends. 
The potential importance of matrix damage 


implies considerable importance of the stage of 


mitosis under study. ‘The 


binucleate pollen are in prophase in most if 


not all species, having more or less well- 
developed matrix. In contrast, the resting sperm 
nuclei of trinucleate pollen such as maize, 
might be considered to have chromatin threads 
unencumbered by matrix. The ease of reunion 
of u.v.-induced chromatid breaks in maize to 
form breakage-fusion-bridges and _ interstitial 


deletions in great abundance (Section III A 3), 


might be attributed largely to this absence of 


matrix. The rarity of u.v.-induced exchanges in 
Tradescantia or in F, plants derived from 
irradiated binucleate pollen similarly 
attribute in part to matrix damage in such 
chromosomes. In this respect, therefore, binu- 


may 


chromosomes” of 


cleate and trinucleate pollen may present to 
irradiation significantly different cytogenetic 
targets. 


E. Modifying factors 

‘Modifications of radiation-induced damage 
by control of oxygen, moisture and temperature, 
etc.,4% have been used in only a few pollen 
cytology studies. Studies have been made of the 
effects of oxygen on X-ray damage®**®») as well 
as on u.v. damage,{*” and in less extensive 
fashion of temperature©*°8) and of visible 
light.6% Despite the extremes of tolerance of 
pollen, data are not available for instance on 
the effects on pollen-tube cytology of moisture, 
storage, infra-red or of “protective agents”, 
among the many factors often employed in 
radiobiological studies. 

The ‘oxygen effect’ (enhancement of radiation 
damage by oxygen) was shown by FABERGE °®) 
and Evans and Neary®?) to be of relatively 
the same magnitude for the pollen-cytology 
test as for other cytogenetic systems.“ The 
frequencies of isochromatid breaks were shown 
by FABERGE®*°® to be substantially reduced by 
anoxia. X-ray pollen treatments of 300 r at 
25°C and of 600 r at —192°C produced similar 
ratios of 2:5 breaks in air: | break in nitrogen, 
implying oxygen’s role at the time of breakage. 
Isochromatid aberrations scored by EvAns and 
Neary”) increased from 0-20 per cell following 
310 r delivered to anoxic cells to 0-63 per cell at 
| per cent oxygen and 1-07 per cell in air. The 
air/N, ratio of 3-05 calculated for 
chromatid aberrations following correction for 


was isO- 
the non-linear dose response (d'*), calculated 
on the basis of 2 independent, paired breaks. 
The oxygen effect was measurable even at the 
lowest O, concentration of 0-33 per cent. The 
half-maximum value for the oxygen effect was 

1 per cent Oy, in air, a value comparable to 
10-2 uM/l1. of dissolved oxygen and comparable 
to the half-maximum values for dissolved 
oxygen in bacterial and other 
systems. The authors contrast these results with 
those involving multicellular systems, e.g. 
Tradescantia microspores, in which half-values 
are obtained at 10 per cent QO, in air, implying 
the importance of oxygen gradients in such 
systems, 


unicellular 
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The breakage of chromosomes by oxygen 
alone“) has been referred to in previous dis- 
cussions; the relative effects of oxygen on X-ray 
breakage vs. reunion have not been detailed 
with the pollen-tube test. However, evidence 
was obtained by Kirsy-SmirH and Craic‘’®) 
which suggested that u.v.-induced isochromatid 
breaks produced in nitrogen were less likely 
to rejoin than those produced in air. Ozone 
production by u.v. was discounted, since the 
absolute frequencies of aberrations were un- 
affected by the anoxia. Fusion of the broken 
isochromatid ends was consistently higher 
55 per cent) for breaks produced in air than 
for breaks in nitrogen (35 per cent). In contrast, 
microspore mitosis data of Concer®®) gave 
comparable reunion frequencies of X-ray breaks 
in air and in nitrogen, and similar data have 
been presented both for u.v. and X-rays in 
other cytogenetic systems.“® In anoxic treat- 
ments of pollen, desiccation occurs and evidently 
has not been compensated for in these studies. 
The significance of moisture contents in the 
radio sensitivity of pollen germination, reported 
earlier, and the enhanced sensitivity of both 
cytological and physiological systems in dry 
seeds@* 49) suggest that pollen desiccation will 
alter radically the aberration yields and lend 
complication to studies of anoxia, freezing, etc. 
The reduction of aberration frequencies by low 
temperatures was reported by FABERGE®°®) 
to equal that caused by anoxia. Tradescantia 
pollen frozen to the temperature of liquid air 
192°C) produced about one-fifth as many 
aberrations as those X-rayed at room tempera- 
ture. <The sensitivity at several intermediate 
temperatures®® followed approximately that of 
the production of hydrogen peroxide when water 
containing oxygen is X-rayed, differing only 
in the continued drop in sensitivity below 
116°C. The radiochemical effect of low 
temperature is concluded to be distinct from 
that of oxygen®® but similarly important in 
both the transfer of energy to induce break- 
age®) and the ability and ease with which 
broken chromosomes restitute. 
Photoreactivation of u.v.-induced chromo- 
somal damage could not be demonstrated by 
Kirsy-SmirH and using photo- 
treatments from 4000 to 6000 A, 


recovery 
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Intensive studies remain to be made of the 
physiological important far-red light (7600 to 
7800 A) which has been shown to enhance 
chromosome breakage, an effect reversible with 
red light (6200 to 6800 A). 

Despite the relative ease of chemical muta- 
genic treatments of pollen, no reports appear to 
have been made on pollen-tube cytology follow- 
ing such treatments. 


Résumé 

Binucleate pollen are shed following effective 
chromatin doubling in the generative cell. 
Aberrations observed at generative-cell meta- 
phase during pollen-tube growth following 
X-ray treatments of pollen (7Tradescantia) in- 
clude ca. 20 per cent chromatid breaks, 60 per 
cent isochromatid breaks and 20 per cent 
exchanges. In contrast, u.v. treatments produce 
ca. 70 per cent chromatid breaks, 25 per cent 
isochromatid breaks and 5 per cent exchanges. 
Chromatid breaks show a linear dose response, 
while exchanges and isochromatid breaks show 
marked discrepancy from such a_ response. 
However, the high frequency of isochromatid 
breaks, together with evidence from ion-density 
response studies, argue that the majority of 
isochromatid breaks occur as a result of a single 
“hit”. Aberrations obtained following irradia- 
tions of elongating pollen tubes include fewer 
and, in late growth, no isochromatid breaks or 
exchanges, reflecting the increasing separation 
of chromatids as the generative cell undergoes 
division. Sister unions are evidently more 
X-ray-induced 


common (80 per cent) in 
u.v.-induced 


isochromatid breaks than in 
breaks (55 per cent). 
Naturally-occurring 
significantly during pollen storage, and may be 
enhanced greatly by oxygen treatments. Anoxia 
substantially reduces the frequency of X-ray- 
induced breaks (air/N, ratio of 3), as does 
freezing; the radiochemical mechanisms for 
these protections are evidently dissimilar. 
Multiple mutagen treatments provide con- 
flicting evidence of both depression and enhance- 
ment of X-ray breakage by u.v. treatments. 


aberrations increase 


IV. ENDOSPERM MARKER LOSSES 
The endosperm of Zea mays has been uniquely 
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useful for the study of cytogenetic consequences 
of pollen treatments. Ripe pollen grains have 
been irradiated in most of these studies, the 
matings devised to permit expression of the 
losses of dominant marker genes carried by the 


pollen. Such studies were among the earliest of 


spontaneous mutations, and the high frequency 
of losses of linked markers led Emerson ®) to 
attribute marker losses to chromosomal aberra- 
tions as early as 1921. The maize endosperm is 
botanically well suited for these studies, as (1) 


it is triploid, and permits recovery of most, if 


not all, damaged centric chromosomes donated 
by the treated sperm to the endosperm nucleus; 
2) the recovery and identification of endosperm 
marker losses is economical in terms of the 
labour involved, since the average mutagenic 
treatment produces over 5 per cent and up to 
30 per cent “mutant” seeds; (3) the endosperm 
is exceedingly well marked genetically, with 
useful loci on Chromosome 3, A, (aleurone 
colour) and Sh, (shrunken); Chromosome 4, 
Su (sugary); Chromosome 5, A, (aleurone 
colour) and Pr (purple aleurone) ; Chromosome 
9, I/C (coloured aleurone), SA (shrunken), Bz 
bronze aleurone) and Wx (waxy) ; and Chromo- 
some 10, R (aleurone colour); these loci are 
described in detail by Fapercs&.‘®) The most 
useful linkage group has been that on the short 
arm of Chromosome 9, established by McClin- 
tock, who has provided photographs of this 
excellent material™!®) (see also Konzax), 
Minor limitations on the use of the endosperm 
technique are imposed by the inability to test 
the progenies of observed phenotypic changes, 
by difficulties inherent with the markers 
employed,@* by the ephemeral life of mature 
maize pollen and by the irregularity of endo- 
sperm development in the early free-nuclear 
stage.736 The triploid endosperm of maize 
results from fusion of the haploid sperm and a 
diploid fusion nucleus in the embryo sac. The 
maize pollen is trinucleate and the two con- 
densed sperm cells formed from 7 to 10 days 
prior to anthesis provide the major cytogenetic 
“target” for pollen treatments. The endosperm 
marker loss studies have been of primary value 
cytogenetically and somewhat less important 
from a radiological standpoint due to the labour 
involved in purely quantitative studies com- 


paring, for example, effects of environmental 
modifications on marker loss rates. The efficiency 
of the endosperm technique was emphasized by 
FABERGE) who calculated marker loss recovery 
to approximate 50/million sperm/roentgen, or 
roughly 1000 times that of relatively sensitive 
markers in Drosophila. The following discussion 
treats endosperm studies first from a cytogenetic 
standpoint, then turns to a discussion of the 
types of treatments applied, their relative 
efficiencies, etc. 


A. Cytogenetic consequences of pollen treatments 

STADLER”) reported in 1928 a significant 
increase in endosperm deficiencies for six 
dominant marker genes as a result of X-ray 
treatments during late pollen-tube growth. The 
high frequency of coincidental loss of linked 
genes, recognized also by EMerson™®) in studies 
of spontaneous losses of closely-linked C and 
Wx, led STADLER 16159 to conclude that 
marker losses traced largely to chromosomal 
deletions. Loss per locus increased nearly in 
proportion to X-ray dose.@°” Following these 
early researches, endosperm marker loss studies 
have involved a great variety of mutagens, 
including u.v., X- and y-rays, thermal neutrons, 
@ particles and chemical mutagens. These 
studies have established beyond reasonable 
doubt that mutagens act primarily, if not 
exclusively, through the breakage of chromosome 
or chromatid, followed by restitution or by 
reunions leading to deficiencies or to breakage- 
fusion-bridge cycles. Stable terminal deletions 
are recovered only rarely,“*) and the evidence 
for gene or “‘point’’ mutations is at best dis- 
putable.(130. 160) 


1. Entire and fractional 
marker losses are recognized phenotypically by 
the appearance of deficient (recessive) endo- 
sperm tissue on seeds derived from crosses of 
recessive “‘female’’ stocks and ‘‘male’’ parents 


losses. Endosperm 


carrying the corresponding dominant alleles. 
Endosperms wholly deficient for the dominant 
marker genes are referred to as “‘entire losses’’. 
A remarkably high proportion of aberrant 
seeds, however, are “‘fractionals’, exhibiting 
both deficient and non-deficient tissue. Frac- 
tionals range widely in the proportion of 
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deficient tissue, yet average nearly 50 per cent 


of the endosperm." 


The smallest deficiencies, i.e. minute spots of 
recessive tissue on the kernel, occur sporadically 
in all material, and generally have not been 
scored as induced fractionals. Deficiencies 
involving about 5 per cent of the kernel were 
not appreciably increased by u.v. treatments of 
STADLER and SpRAGUE"®®) nor by diepoxybu- 
butevidently were increased significantly 
by u.v. and X-ray treatments of FABERGE.'*) 
Such differences may reflect in part the some- 
what subjective nature of this classification. 

Seeds exhibiting very large areas of deficient 
tissue, i.e. with small spots showing the dominant 
characters of the pollen parent, were reported 
to be disproportionally frequent following 
X-ray or  diepoxybutane treatments by 
STADLER. (98: 156, 157, 163) Spa pLER|56. 159 and 
LER and Spracue'®) wrote of such areas as 
having “‘recovered” from the deficiency, and it 
is suggested by FABERGE®*) without amplifica- 
tion that several cytogenetic conditions could 
lead to such apparent “recovery”. Included 
among these evidently would be KREIzINGER’s'*?) 
suggestion that bearing 
dominant pollen marker genes might survive 
through a few endosperm divisions in otherwise 


acentric fragments 


seed. Such recoveries appeared 
treat- 


“entire loss” 
ULV. 


relative to 


less frequently following 


(163) 


much 


ments and were not increased 


controls by thermal neutron treatments.‘®) 

The cytogenetic basis for the appearance of 
the conventional fractional deficiencies is by no 
means resolved, at least in relation to fractional 
losses in other organisms.” Fractional losses in 
maize have been attributed most commonly to 
deletions which occur as a con- 
sequence of an “‘effectively-doubled” property 
of sperm chromosomes in the mature grain (see 
discussion by FaperGeé).{6) This implies the 
completion of sperm-DNA synthesis prior to 
anthesis, an hypothesis which remains to be 
verified. Cytologically, the sperm of trinucleate 
pollen grains are highly condensed and often 
may be seen in flattened cells to have the 
appearance of conventional “‘resting”’ nuclei. It 
appears probable that sperm DNA is duplicated 
prior to anthesis, since (1) second mitosis is 


chromatid 
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completed at least seven days prior to anthesis 
see Section I), (2) DNA _ reproduction ts 
improbable during the rapid growth (7 mm/hr 
of pollen tubes in the style, and (3) sperms 
immediately undergo syngamy, and endosperm 
nuclear divisions start directly upon fertiliza- 
tion, 36) 

The relative frequency of fractional losses 
from diepoxybutane treatments of KReiz- 
INGER‘? 98) did not change during the five 
days prior to anthesis, averaging ca. 70 per cent 
each day. In early studies of STADLER,@? 
however, X-ray treatments applied 24-28 hr 
after pollination (early stages of fertilization 
and syngamy) apparently resulted in no entire 
losses. This could be interpreted to indicate the 
completion of ‘effective doubleness” or com- 
plete separation of the two chromatids as the 
sperm cells enter the ovary. Treatments applied 
prior to divison of the generative nucleus were 
reported by to produce simul- 
taneous losses of endosperm and _ seedling or 
plant markers, and short gamma-ray treatments 
applied in the early stages of pollen maturation 
by and Ma®*) exclusively pro- 
duced entire endosperm losses coupled with 
embryo No have been 
reported to arise from the few treatments made 


losses. fractionals 
prior to generative nucleus division, nor are they 
observed among seedlings of plants with 
binucleate pollen (Section VI A 3). 

The fractional 
marker vary 
mutagen used. A high proportion (75 to 90 per 
cent) of spontaneous losses are fractionals.@*: 
95, 96, 130, 163, 165) 


endosperm 
the 


frequencies of 


losses significantly with 


Frequencies averaging about 70 
per cent fractionals have been reported simi- 
larly for the nitrogen mustard, di ( $-chloroethy] )- 
methyl amine,” for u.v. treatments®® 96 1, 163) 
and for diepoxybutane.®) In contrast, about 
20 per cent of the mutant seed were fractionals 
from treatments with X-rays,@® 13°.163) alpha 
particles,“®) tris (8 chloroethyl) 
thermal neutrons, °6 and chronic gamma- 
ray treatments applied during the entire life of 
the plant.® Although there is substantial 
evidence that different loci react comparably 
with respect to entire fractional ratios, KoNZAK 
and suggested that fractional 
losses of the linked A and Sh, loci were dis- 
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proportionately frequent following X-ray and 
neutron treatments. 

Assuming that the chromosomes of sperm 
cells are effectively doubled with the chromatids 
closely entwined or ‘“‘paired”’’, two deficiency- 
generating breaks in one chromatid arm would 
lead to a chromatid deficiency and to fractional 
endosperm losses, while isochromatid breaks 
involving both paired chromatids would lead 
to entire endosperm losses. On this hypothesis, 
the high rate of whole losses from treatments 
with X-rays, alpha particles and neutrons 
could be attributed to high rates of isochromatid 
breakage. The results with maize compare 
favourably with those of pollen-tube cytology 
(Section ITI A) in which the ratios of iso- 
chromatid breaks to chromatid breaks are 
essentially the same as entire to fractional ratios 
in maize, viz. 4:1 following X-irradiation, 
| : 3 following u.v. treatment. 

Part of the residue of fractionals in all treat- 
ments might be attributed to delayed appear- 


ance of isochromatid breaks until dissolution of 


the matrix in division, followed by restitution 
of one of the broken chromatids at this time. 
Alternatively, some consideration might be 
given to the possibility that the sperm chromo- 
somes have not completed DNA replication and 
that the fractionals result from the delayed 
appearance of breaks due to interference with 
chromosome duplication."6* It has been 
suggested that the influence of a mutagen such 
as u.v. on the chromosome matrix") might 
enhance the appearance of fractionals.°*) 

These observations may be marshalled into a 


fairly convincing argument that the sperms of 


maize pollen have completed DNA synthesis, 
while chromatid separation has not been com- 
pleted, perhaps as a consequence of the 
morphology of the extremely dense, confined 
sperm nuclei. Fractional and entire endosperm 
deficiencies can be attributed exclusively to 
chromatid or isochromatid breakage, respec- 
tively, in the treated sperm cell. 

Although the chromosome may be considered 
to be a multiple-stranded structure@®” in which 
alterations at sub-chromatid level might be 
anticipated, supporting evidence cannot be 
provided from endosperm studies, in which one 
might anticipate (1) skewed or multi-modal 


fractional-size curves, with peaks at 50 per cent, 
25 per cent, 12-5 per cent, etc., or (2) fractional 
losses following treatments applied prior to 
generative nucleus divisions of the pollen. 
Similarly, radiation injury has not been 
sufficiently ‘delicate’ to provide support for 
the postulated sub-chromatid replication of the 
chromosome using other cytogenetic systems 
(ref. 177, p. 373). 

Mutational studies involving Drosophila sperm 
present a picture of fractional (“‘mosaic’’) vs. 
whole-body changes strikingly similar to that in 
maize although the interpretations are in no 
way similar. Irradiation of mature Drosophila 
sperm with X-rays leads to a relatively high 
frequency of whole-body mutations, while 
spontaneous mutations and those induced by 
chemical mutagens, as in maize, include a very 
high proportion of ALTENBURG 
and Browninc' obtained only 7 per cent 
fractionals among 122 X-ray-induced. changes, 
54 per cent among thirty-seven spontaneous 
mutants and 51 per cent among ninety-two 
chemically-induced mutants involving fourteen 
‘visible’ loci on the X chromosome. These 
changes, unlike those in maize, are viewed as 
the result of true point mutations, largely based 
on the evidence that deletions—at least those 
involving two or more loci, or of detectable 
size—do not survive embryo development. 
Among both fractional and whole-body visible 
mutants, however, nearly one-half had associated 
lethal effects. 

Current interpretations of the result with 
Drosophila fractionals are based on changes 
envisioned within the DNA double helix rather 
than as cytological breaks followed by deletion. 
The “target”? is viewed as a single DNA 
molecule rather than as a chromatid comprising 
a bundle of DNA helices. MULLER, CARLSON and 
ScHALET@?3) have advanced the theory that 
most whole body changes result from sym- 
metrical rotational substitution of DNA bases 
(purine for pyrimidine), while fractionals stem 
from damage within a single strand of the DNA 
double-strand helix. It will be apparent that 
reconciling the interpretations of these unusually 
similar data from plants and animals involves 
some rather profound differences of opinion. 
Basic to either argument is a better under- 
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standing of the gene and chromosome structure 
in a sperm nucleus. Increasing evidence for 
multistranded complexity of higher chromo- 
somes™®? must be reconciled in any final inter- 
pretation with the concept of radiation-induced 
mutations at molecular level. 

2. Point mutation. Maize endosperm marker 
losses can be attributed in most, if not all, cases 
to a single primary event, breakage of the 
chromosome or chromatid. “‘Point’” or “‘in- 
gene mutation not involving extra- 


tragenic”’ 
genic events such as deletion has been invoked 
only in studies employing mutator genes or 
u.v. treatments.4% One might anticipate the 
appearance of unique endosperm phenotypes as 
a result of point mutation to active new alleles; 
none has been reported among ca. 5 x 10° seeds 
for which data have been published. 

Point mutation of a recessive allele, a, to 
other alleles at the A locus was sought by 
STADLER“) among seed X-rayed shortly after 
fertilization. The a genes used in the experiment 
vielded many mutations to coloured aleurone 
alleles in the presence of mutator, Dt. None was 
recovered, however, in an X-rayed population 
large enough to have produced, under the 
influence of DtDt, about 400,000 such mutations. 

Additional evidence for point mutations has 
been sought by Nurrer“®” among the rare 
losses of single genes in tightly-linked marker 
groups. One of the most refined cytogenetic 
tools of this type is the A-SA, group of Chromo- 
some 3. The A® allele comprises two separable 
sub-units, @ and @, and is located within 0-3 
crossover units of the gene Sh, (shrunken). 
NurFrer“) treated pollen carrying the domi- 
nant @$8Sh-Ecuador complex with u.v. and 


X-rays, scoring seed for the loss or mutation of 


the centrally-located %. Although ten entire 
losses of 8 alone were 


104 endosperms scored 


and eleven fractional 
obtained among ca. 
following u.v. treatments, none were recovered 

following X- 
radiation. Spontaneous § occur rather 
frequently, ca. 4 per 104,2°) but commonly 
arise early enough during microsporogenesis 
that both embryo and endosperm are affected. 
loss may be interpreted 


in comparable seed samples 


losses 


Such spontaneous 6 
either as a minute deficiency or as a true point 


although the high 


mutation, 
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frequency of 


spontaneous loss and its relationship to meiosis 
favour unequal-crossover or other chromosomal- 
reorganization phenomena, perhaps related to 
intra-chromosomal pairing. It is difficult to 
reconcile with any of these hypotheses the fact 
that af losses were not recovered in the experi- 
ments of Nuffer. The possibilities that the region 
between A and Sh, loci may be more resistant 
or more frequently restitute following treat- 
ments with ionizing-radiation treatments were 
discussed.“® Nuffer also surveyed large popula- 
tions for loss of another allele of the A locus, 
A ; D2, which reverts readily to the recessive 
form in the presence of the Dt gene. No X-ray- 
induced A ; D2 losses occurred in 16,873 seeds 
independently of the closely-linked Sh,, while 
fifteen such losses were recorded among 7,457 
seeds from u.v. treatments. Similarly, u.v. 
treatments induced Sh, losses readily while 
X-rays largely ineffective, confirming 
evidence in studies of the a3Sh, 
material. 

In summary, the % losses and A : D2 rever- 
sions independent of SA observed by Nuffer can 
be interpreted to represent intragenic events or 
“point” deletions which are responsive to u.v. 
treatments and to the mutator, Dt, but which 
are unaffected by X-rays. The inability of 
X-rays to induce detectable frequencies of 
point mutations has been confirmed in several 
studies involving irradiated maize pollen.@) 
reviews the X-ray-induced gene- 
mutation arguments, concluding that while 
u.v. can “cause changes which are within the 
limits of our present definition of the gene’, 
X-ray treatments in maize have failed to produce 
such point mutations. The endosperm marker- 
loss studies represent a most refined approach 
to the point-mutation question in plants, and 
continue to indicate that ionizing radiation 
causes alterations primarily through chromo- 


were 
obtained 


some breakage and deletion. In contrast, it 
appears probable that u.v. may induce a 
practicably detectable frequency of changes in 
maize sperm, which are—by defiaition—‘muta- 
tions”, beyond the present limits of detection 
as minute deficiencies. A contrasting interpreta- 
tion of the Drosophila research workers is 
reviewed in the preceding section (IV Al). 

3. Endosperm mosaics and breakage-fusion-bridge 
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cycles. Endosperm mosaics comprise a significant 
fraction of the observed changes in endosperm 
marker-loss studies when linked markers are 
employed. Such mosaics appear as scattered, 
irregular areas of recessive (mutant) markers 
on the dominant marked background (pictured 
in Konzak)). Some confusion of mosaics with 
fractional losses is possible, and they appear 
to have been overlooked prior to the pioneering 
studies of on mosaicism. 
Mosaics provide most critical radiobotanical 
evidence in stocks tagged with linked endosperm 
markers, for which McClintock’s Chromosome 9 
stock (J-Sh-Bz-Wx) has been used almost 
exclusively. win spotting in mosaics appears 
when loci such as //C'c are used, in which 
different dosages of the dominant allele in the 
triploid endosperm are recognizable. Such twin 
spots, illustrated well by Jones,“ could not be 
interpreted as the result of simple gene loss, 
except as one daughter cell gained what another 
lost. 

The cytological basis for endosperm mosaics 
was provided by McCurntrock™!3"4) by her 
discovery of break-fusion-bridge (BFB) cycles. 
The BFB cycles originate from freshly-broken 
ends of chromatids or chromosomes, with a wide 
variety of consequences.'*! Chromatid-type 
BFB cycles have been found to prevail in maize 
endosperm. FABERGE'®!) observed that chromo- 
some-cycles resulting from asymmetric trans- 
locations did not occur in maize endosperm, nor 
did they arise by conversion of two chromatid 
cycles following breakage by Ds (dissociater). 

A chromatid-type BFB cycle is considered to 


arise from the fusion of freshly-broken ends of 


paired chromatids, resulting in dicentrics which 
form bridges at anaphase. Breakage again occurs 
and fusion of the broken ends perpetuates the 
cycle. Subsequent loss of genes follows asym- 
metric breakage of bridges.©*) With respect to 
linked endosperm marker genes, this establishes 
a phenotypic pattern of partition and inclusion 
in which dominant markers near the centro- 
mere are lost only after genes further out or 


distal on the arm have been lost.®» Losses of 


proximal markers are thus included within, or 


form a “partition” of, areas marked by losses of 


distal genes. 
The regularity with which endosperm mosaics 
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obey the partition-inclusion law clearly impli- 
cates chromatid BFB cycles arising from the 
production of temporarily free chromatid ends 
by a mutagen treatment.{*) The inclusion 
pattern can be used to establish the sequence and 
linkage relationships of endosperm markers (see 
following section). In a study of 15,042 kernels 
from u.v. and X-ray treatments of C-SA-Bz-Wx 
pollen, FABERGE®®) observed 483 BFB cycles 
among 1,347 affected seed. Considering the 
total chromosome complement, it was estimated 
by Faserce®®) that u.v. and X-ray treatments 
initiated an impressively high 2-1 BFB cycles 
per pollen grain. 

BFB frequencies and distributions are sur- 
prisingly comparable from spontaneous muta- 
tions®*:°8) and following treatments with u.v. 
or X-ray®®) or diepoxybutane.“*) The fact that 
u.v. induces frequencies comparable to other 
treatments is particularly interesting in light 
of the evidence that u.v.-broken chromatid ends 
undergo sister reunion less often (Section III A 
and are considered less able to reunite from 
studies of exchange frequencies, 4% 8% 168, 169,175) 
Evidently BFBs arise with comparable _fre- 
quencies following chromatid or isochromatid 
breaks. 

Twin spots*) occurring with genes such as 
[/C\c are interpreted to result from the origin 
of BFB cycles distal to the locus. Asymmetrical 
anaphase breaks then may result in the produc- 
tion, e.g. in ccC endosperm, of paired deficiency- 
duplication daughter cells cc-+deletion (colour- 
less) and cc+CC (deeply pigmented). 

4. Gene location and relative rates of marker loss. 
A consideration of endosperm marker-loss data, 
and of the BFB data in particular, led 
FABERGE®®) to the conclusion that the rates of 
marker loss were directly related to gene loca- 
tion and arm lengths. The rates of appearance 
of BFBs in successive segments of the /-Sh-Bz-W<* 
arm of Chromosome 9 were found to be 
essentially proportional to pachytene cytological 
length by FABerGeé,®) as well as by KRreiz- 
INGER.'®®) Similarly, the distance from centro- 
mere to Wx was closely approximated by that 
estimated from BFB data by Fabergé. Longley 
(see FABERGE) plotted the positions of 1,176 
breaks occurring in radiation-induced trans- 
locations of maize, concluding that breaks 
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occurred roughly in proportion to pachytene 
length. Employing this assumption, FABERGE‘) 
developed formulae to forecast the relative rate 
of X-ray-induced loss for endosperm markers. 
The pooled data from investigations of the 
relative loss rates of five marker genes were 
well in accord with expectations. This forecast 
was based on the loss rate=0-00542p+2 
0-00542 )?m*pd, where p and d are the proximal 
and distal pachytene lengihs in microns, m 
the ratio of deficiency- to BFB-generating breaks, 
and 0-00542 the calculated frequency of BFB 
cycles induced per micron, in this case by a 
treatment with 1500 r of 250 kvp X-rays. The 
contribution of BFBs is represented in this 
formula by 0-00542 p, while that of the seg- 
mental deficiencies arising from two distinct 
breaks is represented by the second-order com- 
ponent. ‘Terminal deletions are assumed not to 
occur. The calculation of m from multiple 
marker data is critical to the extension of this 
formula to different mutagenic treatments. The 
dosage effect curves, obtained by extrapolation 
of the formula to several different X-ray doses 
and marker genes, showed clearly a quadratic 
component.’ The data of Konzak and 
SINGLETON, although interpreted as essentially 
linear with increasing dose, were not considered 
by Fabergé to contradict curvilinear expecta- 
tions. 

The model implies that marker sensitivity 
relates both to absolute arm length and to gene 
position, and sample calculations are presented 
by illustrating this effect. Assuming 
the constancy of m for arms of different lengths, 
the most sensitive markers would be located 
more or less centrally in the longest arms, while 


minimum sensitivity is expected near the end of 


short arms. Data obtained in endosperm marker 
loss studies agreed satisfactorily with these 
expectations, 

5. Terminal deficiencies and complex aberrations. 
Most endosperm marker changes can _ be 
explained satisfactorily as the result of inter- 
stitial deficiencies or chromatid-type breakage- 
fusion-bridge cycles. It is considered that 
mutagens act primarily via breaks which may 
restitute immediately or rejoin in such a way as 
to generate such phenomena. Estimates of the 
proportion of breaks which rejoin in_ their 


original position, or restitute without trace, have 
been presented by Faserce.©*% Of a minimum 
of 3,582 single breaks, 3,055 or 85 per cent were 
concluded to have restituted. Although the 
arguments were indirect and based on several 
unverified assumptions, the figure arrived at 
was essentially comparable to that derived from 
Tradescantia cytogenetic research (Section IITA). 
The occurrence of stable terminal deficiencies 
has been interpreted variously in different 
studies, and the distinction between terminal 
and non-terminal is considered unconvincing 
without critical cytogenetic material.“*” The 
detailed maize studies with J/-SA-Bz-Wx by 
FABERGE®*: ®) Jed him to conclude that stable 
terminal deficiencies were rare or absent 
following both X-ray and u.v. treatments, but 
were measurable following treatments with @ 
particles. The data of Scuurtrz@*) indicating 
the absence of rod chromosomes following u.v. 
and X-ray treatments of a ring chromosome in 
maize similarly supported the thesis that stable 
terminal deficiencies were absent or rare. In 
contrast, the Tradescantia pollen-tube studies 
Section III A) have been interpreted to indicate 
high frequencies of terminal deficiencies, especi- 
ally from u.v. treatments, about whose 
“stability” (transmissibility), however, little 
can be said. **Apparently-terminal” deficiencies 
described by several authors ® 13.16% have 
been reviewed by Swanson and STaApier.'!*” 
Investigations of BArTon,®) Srernirz-SEARS and 
Sears,"6%) pe Borr@® and perhaps also of 


SrrAuB?S® permit the conclusion that stable 


terminal deficiencies or “‘apparently telocentric” 
chromosomes are more common following u.v. 
and alpha-particle treatments, and are measur- 
able in maize®®*: ®) only following alpha-particle 
irradiations (see Section VI A 3). 

End-loss or terminal-loss phenotypes in the 
endosperm test are attributable in large part to 
interstitial deficiencies involving a second break 
between the chromosome end and the gene 
scored, followed by union of the open ends.©*? 
The presence of stable terminal deficiencies 
would increase this end-loss phenotype signi- 
ficantly, reducing the corresponding BFB cycles. 
A critical test of this possibility was made by 
Fabergé’s T test (T=ratio of stable terminal 
breaks to unstable BFB-generating breaks). ‘The 
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application of this test to both u.v. and X-ray 
data®®) led to the calculation of T—0-04 -+0-06 
differing inconsequentially from TO. This is 
interpreted to mean that stable terminal 
deficiencies occur too rarely for detection, if at 
all, in such studies. In contrast, alpha-particle 
data‘®) produced a T=—0-54-+-0-20, differing 
from T=O at P=0-01. The densely ionizing 


alpha particles are thus calculated to leave about 


35 per cent of the broken ends stable. These 
data agree substantially with alpha particle 
studies in other systems, suggesting that such 
breaks are less able to participate in restitution 
or reunion than other types of broken chromo- 
somes. (3% 102) 

Complex aberrations are readily predicted 
but difficult to identify in the endosperm marker 
system. The class is numerically unimpressive, 
only 96 of the 1,347 marker losses of FABERGE) 
having been classified as ““complex”’. Phenomena 
implicated by Fabergé were incomplete sym- 
metrical inversions and exchanges, asymmetric 
exchanges, and rings. Several mosaic patterns 
that could only be produced by aberrations 
involving at least three breaks were seen, and 
examples of the other two-event aberrations 
were cited. 


B. Types of pollen treatments and their comparative 

effects 

Endosperm marker losses have been reported 
following pollen treatments with X-rays,@* 
96, 130, 146, 155, 156,157,169) Chronic gamma rays,(? 
108,150,151 thermal neutrons,'** alpha par- 
ticles,(®”) ultraviolet light, 96, 130, 163, 165) ethy- 
lene oxide,©” nitrogen mustards,‘*®* diepoxy- 
butane’? and The mutagens 


listed have given striking increases (30- to 


100-fold) in marker loss rates, with recovery of 


10 per cent visibly-altered seeds not uncommon. 

Control or spontaneous rates of endosperm 
marker loss are quite high, ranging between 100 
and 5000 x 10~-® per locus in several studies.* 
95, 96, 97, 98, 130, 155, 157, 163, 165) Solar ULV. has been 
excluded in most of these studies. Multiple 
gene losses, included in these estimates, are 
disproportionately common, indicating that a 
majority of spontaneous losses represent chromo- 
somal deletions. The frequencies of fractional 
endosperm changes among spontaneous mutants 


have ranged from over 90 per cent to 
two-thirds,“ 163) and, while 
parable to results of u.v. or chemical mutagen 


roughly com- 


treatments, differ strikingly from frequencies 
(ca. 20 per cent) following ionization insults. 
Only whole loss data were recorded for spon- 
taneous losses by SINGLETON,“°°) and loss rates 
for individual loci ranged from 140 (Su) to 
1960 (R) per million. Breakage-fusion-bridge 
aberrations appeared the 
proportions among spontaneous and _ treated 
material of KREIZINGER.‘?®) 

The initial endosperm marker loss experi- 
ments with X-irradiation were the now-classical 
studies of STADLER.“ Preliminary treatments 
of developing tassels induced considerable pollen 


relative 


failure, so that endosperm studies were made 
exclusively following treatments applied to ears 
at about the time of fertilization (24 to 28 hr 
following pollination). All “*mutant”’ seeds were 
fractionals, and only those in which mutant 
sectors comprised at least one-eighth of the 
endosperm were scored. The five treatments 
ranged from 5 to 30 min in exposure with 
38 kvp X-rays, and marker loss rates were 
significantly lower only in the 
shortest treatment, ranging from 3-2 per cent to 


O-4 per cent 


6-4 per cent in other treatments. Doses exceed- 
reduced 
Marker loss rates were increased 


ing 500r materially seed  sets.6 
between 10- 
and 30-fold for six tested loci as a result of 
irradiation. This evidence, together with that 
of Muller on Drosophila, provided initial proof 
of the mutagenicity of ionizing irradiation. 

mature maize 
similarly 


Irradiations of 
STADLER{156, 157) 
inducing endosperm marker losses. ‘Treatments 
of 400 r, 800 r and 1200r gave essentially 
linear increase in loss rates for five tested loci.“®” 
STADLER and Spracue®%) reported the first 
extensive data from X-ray treatments of pollen, 


pollen by 


were successful in 


in which the high ratio (3:5 to 1) of whole 
losses to fractionals contrasted sharply with the 
low ratio (0-47 to 1) in concurrent u.v. treat- 
ments. X-irradiations of subsequent investi- 
gators(55: 9%, 96, 130,163,165) haye embraced all of 
the cytogenetic questions reviewed previously 
(Section IV A 1). The X-ray dose tolerance of 
maize pollen has not been defined satisfactorily 
in the studies published, nor have intensive 
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dose-effect studies been reported. Doses em- 
ployed have ranged up to 4 kr, at which dose 


seed viability is reduced about 50 per cent.“? 

Treatments of pollen in mono-layers with 
alpha particles from Pu*** were made by 
FABERGE.®”) Because of the low penetration of 
such unaccelerated particles, it was calculated 
that about half of the sperm nuclei were tra- 
versed. The five exposures average 4-3 per cent 
ranging more or less linearly 


marker losses, 


upward from 0-9 per cent at the lowest dosage 


3-9 x 10® a/cm?) to 8-3 per cent at the highest 
15-6 x 108 @/cm?). The proportion of fractional 
losses (17 per cent) and the distribution of 
BFBs (/-Sh-Bz-Wx arm) compared favourably 


with those induced by other ionizing radiations. 
In contrast to other data, however, the alpha 
particle results are of particular interest in 
suggesting a detectable induction of stable 
terminal deficiencies.“®) About 35 per cent of all 
terminal breaks induced by the densely-ionizing 
alpha particles were concluded to be stable, 
participating in no further restitution or reunion. 
Essentially similar data from the Tradescantia 
pollen-tube test are provided by Lea,“ ‘Table 
50, in which 32 per cent of alpha-induced 
terminal breaks failed to unite. 

Co® gamma irradiations applied chronically 
during the growth of maize have been reported 
to produce endosperm mutations. 1901) 
About 25 per cent of the endosperm losses 
observed by following chronic 
treatments coincided with embryo losses, imply- 
that the recovered were 
induced following microspore mitosis. Only 
one unequivocal premeiotic mutant was ob- 
served among nearly 
Ma®®) treated maize plants at different stages 


ing most of losses 


seeds scored. 


of microsporogenesis for one day with 1100 r of 


Co® y-rays. Detectable increases in endosperm 
marker loss were suggested at all stages, al- 
though significant increases were apparent 
only from post-meiotic treatments. Fractional 
losses were not recorded by SinGLeTon™®”) or 
Ma,“°S) although they constituted 17 per cent 
of the losses reported by Konzak and SINGLE- 
ToNn.(*®) Simultaneous loss of linked markers and 
relative rates of different loci following 
y-ray treatments'*®!5 parallel those of X-ray 
range was 


loss 


studies. A broad chronic dose 
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sampled for maize and significant increases in 
marker losses recorded above about 30 r/day, 
with essentially no seed recovered above 450 
r/day.4® The curvilinear dose response was 
interpreted to indicate a significant “two-hit” 
component. Singleton’s suggestion?” of a 
possible threshold for effective dose can be 
attributed to the two-break complexity® of 
the dose-effect curves. 

Some evidence has been obtained for differ- 
ences in sensitivity during the last week of pollen 
maturation. Marker were reportedly 
highest from treatments with Co® gamma rays 
applied four days prior to anthesis.“°) Support 
for this postulated sensitive period could not be 
obtained by Kreizincer®), nor by Ma®®®), 

Neutron treatments ranging from 0-4 to 
6:7 x cm? (gamma contamination not 
pollen by 


losses 


known) were applied to maize 
Frourk and Morris.‘ Endosperm marker 
losses for A, Pr and Su‘®®) as well as seed in- 
viability and F, abnormalities‘? increased 
proportionately with increasing dose. The treat- 
ment with 8x10" n'"/cm? produced marker 
losses comparable to 1200 r X-ray; about 30 
per cent of the losses were fractionals. Treat- 
ments were made on two different days with 
singularly dissimilar results. To the reasons 
advanced by the authors‘* may be added the 
suggestion that pollen taken on different days 
have varied significantly in moisture, 
nitrogen or boron contents. The 
efficiencies of neutrons for these data depend on 
the conversion to reps by Scumipr and 
Frouk,“ calculations criticized later in this 
review (Section V) for the absence of gamma 
contamination data and the unusually low B 
content. KonzAk and SINGLETON‘ similarly 
doses in 


may 
relative 


studied nt" responses, employing five 
the range from 3-2 to 25-610!" 
Treatments of 13-6 x 10! n‘®/em? (301 rep with 
460 r gamma contamination) produced marker 
loss rates comparable with 1500 r X-ray treat- 
ments, evidently much less efficient (RBE=2 

than in studies of Frotik and Morris.‘® A 
consideration of the evident discrepancies in 
dose responses of these two studies is made in 
Section V. Rates of marker loss at four tested 
loci increased more or linearly with 
dose.“ *® The types and relative frequencies of 


less 


= 
7 VOL. 
7} 
196] 


J. L. BREWBAKER and G. C. EMERY 127 


mutants observed were similar from the n'® 
and X-ray treatments. Losses of S$h,, for 
example, were coupled with loss of the closely 
linked Wx in 65 per cent of the 1630 n'® mutants 
and in 75 per cent of the 519 X-ray mutants,” 
while losses of the closely linked Sh, and a, were 
coupled in nearly all cases.“ The proportions 
of fractional losses were essentially identical, 
comprising 22 per cent of the 6,190 n‘® mutants 
and 24 per cent of the 4,509 X-ray mutants. 
Ultraviolet light (see review by SwANson and 
STADLER“) was among the first mutagens 
used for inducing endosperm marker losses. 
Conversely, endosperm marker loss studies 
helped lay the foundation for the use of u.v. as a 
mutagen.(163.165) Because of the extremely low 
penetrance of u.v., maize pollen grains are 
traversed by only a fraction of the incident u.v. 
light. User@’® calculated that about 30 per 
cent of the u.v. energy penetrates the cell wall, 
while less than | per cent of the surface dose 
reaches the sperm cells.“® It is remarkable, in 
view of this reduction of effective dose, that u.v. 
light at many wave lengths remains highly 
effective in producing endosperm marker 
losses, (8: 96, 130, 145, 163,165,179) although it may be 
calculated that the thermal energy quanta 
involved are efficient than ionizing 


quanta.@3 102) The detailed investigations of 


STADLER and Spracue'*) and of STADLER and 
User®) included many treatments producing 
more than 25 per cent mutant seed. The rela- 
tively low embryo abortion following treat- 
ments with 2,967 A permitted recovery of 49 
per cent mutants at the highest dosage.“ 
Following the studies of unfiltered u.v. 
radiations,“®) intensive action-spectrum 
vestigations led to the conclusions that (1) u.v. 
emitted at 2,537 A was the most efficient in 
producing endosperm marker losses and germ- 
less seeds,“®) (2) wave lengths above 3,000 A 
were essentially and (3 
genetic effects and embryo abortion per unit 
energy, determined for nine wave _ lengths 
ranging from 2,378 A to 3,022 A, agreed with 
the relative absorption coefficients for nucleic 
acid at these wave lengths.(6: 165.179 Similar 
data have been presented for Tradescantia from 
the pollen-tube cytology tests.°® Dosage curves 
detailed for several species were viewed by 


STADLER and UsBer"!®) as linear with increasing 
dose after correction for internal filtration 
curves. It is evident that subsequent cytogenetic 
interpretations of marker losses would predict 
appreciable curvilinearity to these data (ref. 58 
and ref. 33, Fig. 22). Seed recovery exceeded 
80 per cent following doses as high as 6-6 x 10® 
erg/cm? at 2,967 A,“ while the most effective 
mutational doses at 2,537 A were 5 x 105,68) 
8 x 10533165) and 10° erg/cm?.“® Fractional 
endosperm losses from u.v. treatments occurred 
with a high frequency, ca. 75 per cent, com- 
parable to that obtained spontaneously.©® 
130, 145,163,165) Tn contrast, fractionals are rare 
following treatments with ionizing radiations. 

Combined u.v. and X-irradiations were 
briefly tested using the endosperm test by 
Scuuttz.“*) The frequencies of mutant seeds 
(“fractional A” and “a” types) for the pertinent 
treatments were: control, 14 per cent; 1000 r 
X-ray alone, 17 per cent; u.v. alone, 46 per 
cent; and X-ray plus u.v., 52 per cent. While 
these indicate no interaction of u.v. and X-rays 
(for chromatid-type breaks), data on germless 
seeds did suggest interactions, since X-ray treat- 
ments of 1000 r produced ca. 10 per cent em- 
bryoless seeds, yet none were found among 219 
seeds in the doubly-treated group. 

Chemical mutagens have been used most 
effectively in the endosperm marker loss studies, 
producing spectra of induced losses essentially 
comparable to that of u.v. light. The mustard 
gases, methy] bis ($-chloroethy!) amine (**MBA’’) 
and tris (8-chloroethyl) amine (*“TA’’), were 
used in studies by Uma and Grsson, 
Brink and STAHMANN.‘® Pollen treatments 
with vapourized MBA were extremely toxic, 
producing about 10 per cent marker losses in 
both studies. Grpson et. obtained 70 per 
cent fractionals (A, Pr, Su, Sh and Wx loci 
following MBA treatments, as observed simi- 
larly by other authors following u.v. and 
chemical mutagen treatments. In contrast, 
Umaui"’*) obtained fewer than 20 per cent 
fractionals from TA treatments of tassels, testing 
the C, Pr and Su loci. Treatments with 0-05 per 
cent ceepryn (cetyl pyridinium chloride) pro- 
duced about 10 per cent marker losses (largely 
entires), while short treatments of pollen with 
phenol, formalin and methyl cholanthrene pro- 
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duced a few deficiencies.“*%) Treatments with 
“tergitol”, potassium thiocyanate, and ethyl 
carbamate were ineffective.5*) 

Pollen treated with ethylene oxide vapours 
gave a detectable increase in marker losses, with 
aberrations of types and frequencies comparable 
to those induced by X-rays.©7) Diepoxybutane 

DEB), a chemical closely allied to ethylene 
oxide, was shown by Smith and Srb (Maize 
News Letter 1952, 26-28) to induce marker 
losses in maize. Extensive tests with DEB were 
made by Kreizincer,"®* employing the well- 
marked Chromosome 9 stock. Absorption of the 
mutagen by cut ends of the tassel proved to be a 
highly effective treatment and was compared 
with a wick method of treatment. Marker loss 
data following DEB treatments were essentially 
those of studies, with (a 


identical to U.V. 


similarly high proportion, 70 per cent, of 
fractional losses, (b) similar ratios for BFBs, 
interstitial and terminal losses, and (c) close 


correspondence of the cytological distances and 
inter-locus distances based on the DEB results. 
No difference in frequency or spectrum of losses 
was obtained among treatments of immature 
pollen up to 5 days prior to anthesis.’ 

Few endosperm marker loss studies have 
incorporated modifying factors during or after 
irradiation, perhaps due to the comparative 
difficulty in handling maize pollen. Studies of 
effect, however, have been con- 
ducted by Scuwarrz"*® and and 
convincing support provided for the reduced 
effectiveness of X-rays in the absence of oxygen. 
Scuwartz"4® concluded from a 
A Sh,-marked pollen, irradiated with 1000 r 
in air or nitrogen, that anoxic 
fractionals exceeded that of entire losses, with 
air/N, ratios of 9-9 and 2-7, respectively. More 
extensive data of Konzax,'*) however, gave the 
opposite result, with air/N, ratios of 2-2 and 
3-1, respectively. Comparable ratios obtain in 
other biological systems surveyed.©**® Air/N, 
ratios of 1-9, 4-0 and 1-9, respectively, were 
obtained for fractionals, entire and 
BFBs at 1680 r for CSAW vy.” Similar data were 
obtained by Konzak for all treatments employ- 
ing oxygen in place of air, although analysis 
of the breakage regions involved was interpreted 
differential responses. 


the oxygen 


losses 


to suggest some 
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study of 


reduction of 


Scuwartz"*® interpreted his data to indicate 
that anoxia suppresses reunion or restitution; 
Konzak reviewed alternative hypotheses. Sum- 
marized data from the two studies appear to 
make improbable a highly significant differential 
response of entire and fractional losses and 
BFBs in the presence or absence of oxygen. 
The effects of oxygen treatments alone, as by 
Concer and Farrcuitp@! Tradescantia, 
have not been investigated in maize. 


C. Résumé 

The triploid endosperm of maize survives the 
introduction of most damaged centric chromo- 
somes from irradiated sperm. Losses of dominant 
endosperm markers are readily scored following 
X-irradiation of pollen and commonly exceed 
50/million sperm per roentgen. Losses are often 
fractional, averaging 50 per cent of the endo- 
sperm. A ratio of | entire loss to 3 fractional 
losses characterizes spontaneous mutants, as 
well as mutants from pollen treatments with 
u.v., nitrogen mustard and other chemical 
mutagens. In contrast a ratio of ca. 4 entire 
losses to | fractional is characteristic of pollen 
treatments with X-rays, alpha particles and 
thermal neutrons. Fractional losses are attributed 
to chromatid deletions, and entire losses to 
isochromatid deletions. X-ray and u.v.-induced 
deletions appear to be largely if not exclusively 
interstitial; terminal deletions have been re- 
covered in a detectable frequency (35 per cent) 
only following alpha-particle treatments. Rates 
of marker loss can be predicted with considerable 
accuracy by calculating rates of coincidental 
breaks flanking the marker gene, on the basis 
of the gene’s location and arm length at pachy- 


tene. u.v. induces a detectable frequency of 


losses which may be construed to be point- 
deletions or -mutations; X-irradiation does not. 
Chromatid-type breakage-fusion-bridge cycles 
are very common in maize endosperm, and arise 
in surprisingly comparable proportions as spon- 
taneous mutants or following u.v., X-irradiation 
or chemical mutagen treatments, suggesting 
their comparable rates of origin following either 
isochromatid or chromatid breaks. Dose response 
curves are obtained with comparative difficulty, 
and have been presented for X-ray, alpha and 


neutron treatments. The 


enhancement’ of 


V Uli 
7 
+ 
a" 


J. L. BREWBAKER and G. C. EMERY 129 


marker loss rates by oxygen is comparable to 
that in other systems, with air/N, ratio of ca. 3. 


V. EFFECTS OF POLLEN IRRADIATION ON 
PRODUCTION AND VIABILITY OF SEEDS 


Pollen irradiations affect the production of 


F, embryos and viable F, seeds in a manner 
evidently comparable to that following the 
irradiation of sperm in Drosophila") or mice, 
acting primarily via cytogenetic damage or 
“dominant The double-fertilization 
peculiar to flowering plants results in an 
important variable, however, in that F, 
endosperm and embryo are affected 
dependently by irradiation of a pollen grain. 
The polyploid endosperm (Section IV) may be 
a repository for massive amounts of cytological 
damage introduced via the sperm, which would 
be lethal to the diploid and highly-organized 
embryo. Consequently, seed abortion and 
inviability commonly traces to embryo lethality 
and less commonly to endosperm damage. 


Pollen irradiation leads to the impairment of 


viable seed production primarily via its effects 
on (1) pollen germination, (2) sperm formation 
in tubes from binucleate pollen) and tube 
penetration to ovules, (3) zygote formation and 
embryo growth, (4) endosperm development, 
5) viability of mature seed and (6) delayed 
death in seedlings. The least sensitive of these 
systems is that of pollen germination (Section 
II), for which most species withstand at least 
100 kr without noticeable’ effect. Several 
119,129,149) indicate that treatments 
of ca. 100 kr prevent pollen-tube mitosis but do 


not impair tube growth and the formation of 


parthenocarpic fruits. More than half the ovules 
of Medicago falcata were prevented from later 
fertilization by pollen irradiated with 100 kr, 
although it is exceedingly unlikely that func- 
tional sperm were formed during pollen-tube 
mitosis.“!% The delimitation of time and site 
of induced-lethal gene action has been made 
critically (see Section VI A 1) in only a few 
researches,@* 39 and for convenience the studies 
will be reviewed here more or less chrono- 
logically. 

As early as 1908, GAcerR‘®) reported “rather 
more than usual variation... in rate of germina- 
tion” of Od5¢nothera biennis seed derived from 


radium-bromide irradiated pollen. Prolonged 
radon treatments of late buds of Oenothera spp. 
by BrirrincHaM™”) significantly reduced both 
seed production and viability. Similar reduc- 
tions were noted following exposures to X-rays 
of cotton pollen by McKay and GoopspEeEp,"!® 
while treatments by Pate) of 3200 r only 
slightly impaired boll and seed sets. 

GoopsPEED and and GoopsPpEED™) 
recorded no reduction of seed sets in .Vicotiana 
tabacum from their extensive pollen X-irradia- 
tions. TERNOvsKY"S” reported 50 per cent reduc- 
tion of seed viability and slight reduction of 
seed set from 10 min treatments with unfiltered 
65 kvp X-rays. Treatments of 20 min dura- 
tion™’ did not impair pod formation, although 
seed sets were reduced greatly. A more detailed 
investigation of fruit and seed sets and seed 
viability following X-irradiation of NV. rustica 
pollen was made by IvAnov.'*® Mature pollen 
grains were irradiated with filtered 120 kvp 
X-rays. Fruit sets were reduced very slightly by 
treatments of <30 kr, with 50 per cent set at 
35 kr and 27 per cent set recorded at the highest 
dose of 70 kr. At high doses, seed-chaff in- 
distinguishable from collapsed ovules pre- 
dominated, while at dosages under 25 kr, seeds 
were recovered and were classified as ‘“‘plump” 
and “‘shrivelled’’. ‘Total seed sets were notice- 
ably impaired at 8 kr, and reduced to 54 per 
cent, 12 per cent and 2 per cent of control sets 
at 10 kr, 12 kr and 15 kr, resp. Plump seed 
data, summarized in Fig. 5, decreased semi- 
logarithmically with dose. Comparable reduc- 
tion of seed sets in .\. rustica and .V. tabacum was 
reported by SWAMINATHAN and Murry 
from 50 kvp X-irradiations. Seed sets were 
reduced at 9-6 kr and 12 kr to 38 per cent and 
15 per cent of controls, resp., in .V. ruslica and 
to 44 per cent and 4 per cent of controls in 
N. tabacum.°7) Reduction in seed viability was 
most pronounced with seed germinated by 


Ivanov(® in sand, in which shrivelled seeds 
rarely produced a seedling. Viability of plump 
seeds (Fig. 6) also followed a mono-killing curve. 
On filter paper, however, it was evident that 
many shrivelled and plump seeds were able to 
burst the seed coat, although seedlings rarely 


survived beyond this stage. 
Relatively detailed studies have been made of 
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IN PERCENT OF CONTROL 


SEED SETS 


5 10 


sativa (2), (3) Nicotiana rustica 


seed viability following irradiation of petunia 
pollen. 117, 140) Petunia seeds recovered follow- 
ing pollen irradiation range greatly in size, and 
cannot be classified unequivocally as “plump”. 
Treatments of 100 kr produce occasional seeds 
having more or less normal endosperm develop- 
ment“ and such seeds are common at 25 kr, 
at which dose the seed viability is exceedingly 
low. Fruit development is more or less un- 
impaired at high doses; pollen irradiation was 
suggested by McQvuape®!” to be equally 
effective as auxin in the induction of partheno- 
carpy (of a practical value considerably greater 
in other Solanaceae than in petunia). Rick@# 
applied filtered 200 kvp X-rays to mature 
anthers, testing the effects on seed viability of 
treatments up to 100 kr. Some viable seed were 
recovered at 75 kr. McQuape®!” studied the 
logarithmic phase of this curve more intensively, 
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X-RAY DOSE TO POLLEN 


Fic. 5. Effect of pollen X-irradiation on seed sets of (1 
8°), (4) Campanula persicifolia (see text; non-linearity > 10 kr 


results from non-viable seed indistinguishable from plump seeds). 


5-20 25 
IN kr. 


Lilium spp. (84) (2) Medicago 


between 13-2 and 25-8 kr, using filtered 120 kvp 
X-rays on mature pollen in gelatin capsules. 
Despite technique differences, data from the two 
studies were essentially comparable, although 
McQuade recovered few seeds >20 kr (Fig. 6). 
The data follow exponential survival patterns ©) 
relatively closely, with the suggestion in 
McQuade’s data of a deviation from a straight 
line at low doses due to a multi-target com- 
ponent. It appears probable that viable seeds 
recovered above 30 kr by Rick@*® in petunia 
ca. | seed per 25,000 pollen) represent 
“escapes”. 

Petunia anthers treated about 24 hr prior to 
anthesis were observed by McQuape"!”) to be 
much more sensitive to irradiation, with fruit 
sets inhibited at 10 kr and great reduction of 
seed sets at 3-4 kr. Although these studies were 
limited in scope, considerable enhancement of 
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Fic. 6. Effect of pollen X-irradiation on seed viability of (1 
80) (3) Petunia hybrida 


text), (2) Nicotiana rustica 


radiosensitivity is suggested for the immature 
pollen, as it was in studies of Antirrhinum by 
MarqQuarpt and Ernst,‘!®” (see Section VI 
B 1). Similar 2-3 fold enhancement of X-ray 
sensitivity in Drosophila spermatids vs. mature 
Scumip@®) to 
Im- 


sperm has been suggested by 
relate to the 
mature pollen, just as immature sperm, have a 
slightly larger, less-condensed target nucleus.“° 
In addition, however, the generative nucleus in 
mature pollen is often at mid-prophase, a stage 
observed to be highly sensitive to chromosome 
breakage by X-rays.“ On this basis, mature 
pollen would be more, rather than less, sensitive 
than the immature grains at interphase. 

Fruit formation of Lycopersicon pimpinellifolium 
was effectively inhibited only by X-ray treat- 
ments of pollen exceeding 100 kr by NisHtyAMa 
and Tsuxupa."? Seed yields were reduced at 


“target” nuclear volume. 


DOSE 


EMERY 


TO POLLEN IN kr 


Campanula persicifolia (see 


4) P. hydrida (34°). 


50 kr to 0-3 seed per fruit, compared to control 
average of 21-4 seeds per fruit. 

No effects on Medicago pollen germination 
were recorded for treatments up to 100 kr, and 
fruit sets were reduced only slightly by treat- 
ments of 20 kr.4!9 Production of mature seed 
was impaired, however, by 4 kr treatments, and 


sets were reduced to 30 per cent of control at 
6 kr by Armstronc® and at l0kr_ by 
Miiier.“!® No seeds were recovered at 9 kr by 
ARMSTRONG.” Radiation damage in the studies 
by ArmstronG (Fig. 5) may have been en- 
hanced by one-day storage of the irradiated 
pollen, which was routinely practiced prior to 
pollination, Similar ‘‘storage effects’? are com- 
mon in dry seeds, relating perhaps to the 
secondary damage contributed through. free 
radicals (see Section II B). Mirtiter@!® made 
consecutive pollinations with control and 100 kr- 
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treated pollen, concluding that 75 per cent of 
the ovules were blocked from subsequent 
fertilization by 100 kr pollen although second 
mitosis rarely, if ever, occurred normally in 
such tubes. 

The authors have X-irradiated 
anthers of Campanula persicifolia, and the data are 
included in Figs. 5 and 6. Seeds were classified 
on a somewhat arbitrary basis as plump and 
chaffy (or “‘shrivelled’’), with chaff predomina- 
ting at 10 kr. Plump seeds were reduced by 
90 per cent at 5 kr. The viability of plump seeds 
was halved at 3 kr and followed an exponential 


mature 


survival curve (Fig. 6). 

Lilium species have been used in compre- 
hensive studies of pollen irradiation effects by 
Brown, Cave and Price.@ 24-3134) Cytological 
studies of pollen-tubes by these authors (Section 
ITI A) revealed that lily pollen-tube mitoses were 
inhibited fully at 25 kr, and reduced by 75 per 
cent at 16 kr and by 25 per cent at 10 kr;“3 
misdivision at mitosis characterized most re- 
maining tubes at 10 kr. Seed sets were inhibited 
greatly at 3 kr, however, and it was shown by 
Brown and Cave?" through an ingenious 
series of double pollinations that pollen irradi- 
ated at this dosage were not functionally 
different from control pollen. Lily seeds may be 
classified readily by light transmission as to the 
presence or absence of embryos and endo- 
sperm.42)) thus classified seeds from 
+,000 capsules obtained following 8 radiation 
doses applied to pollen in a series of 18 pollina- 
tion groups among |! Lilium species. Yields of 
typical seeds (Fig. 5) having a full endosperm 
and single embryo, were reduced significantly 
by pollen treatments of 500 r.43) Of the 
310% “seeds” studied following 4 kr pollen 
treatments, 2-3 per cent contained embryos, 
t-3 per cent had endosperm but no embryo and 
93-4 per cent were completely aborted, and 
dominant lethals were held responsible for this 
damage.) The data of Price“) are sum- 
marized in Fig. 5 from thirteen strains, involving 

-3,000 crosses, and show a pattern similar to 


those of other seed set studies, with evidence ‘of 


multiple-event damage. A corresponding in- 
crease with dose was recorded by Price “* for 
“chaff”, i.e. hollow seed coats, representing 
zygote lethals or the failure of pollination or 
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fertilization. A class of seeds with greatly reduced 
embryo also was recorded, averaging about 
| per cent in controls, which increased slightly 
in some lines at 500 and 1000 kr, but generally 
decreased as dose Embryoless 
seeds with endosperm, averaging about 7 per 
cent (range 1-7 to 11 per cent) among controls, 
similarly were increased in most lines at low 
doses, then tapered off irregularly at 4-5 kr. 
It was concluded that the endosperm (poly- 
ploid) is influenced less profoundly than the 
embryo by both irradiation and_ inherent 
sterilities of the eleven species studied,“ and 
differences among the fertile strains tested was 
relatively small. Limited treatments with Co® 
gamma irradiation produced comparable re- 
sults.(134) 

Cave and Brown) described the cytological 
events in lily ovules following pollen irradiation. 
At 4 kr, nearly all ovules were penetrated by 
pollen tubes carrying two sperm. Ovule break- 
down ensued as a consequence of either embryo 
or endosperm degeneration varying from time of 
fertilization and triple fusion to 36 days follow- 
ing pollination. These studies and those of 
Straus’) on Gasteria embryos are reviewed in 
a following section (VI A | 

Despite intensive studies of maize endosperm 
marker losses following pollen irradiation, the 
relationships of seed sets and viability to X- or 
y-ray doses appear not to have been detailed for 
maize. ‘Miniature’ and ‘‘germless”’ seeds were 
recorded in the earliest X-ray experiments with 
maize,“°?) and subsequent investigators have 
used principally the dose range of 1 to 2 kr 
for endosperm mutation studies. Seed sets 
evidently are reduced only slightly by pollen 
treatments up to 4 kr, although viability must 
be impaired seriously at this level. ‘Treatments 
of 3:7 kr by MorGan and Rappteye"?” reduced 
seed viability by 50 per cent, while | kr pollen 
treatments increase germless seed fractions about 
cent.(18, 145,163) Tmmediate ultraviolet 


10 per 
at 2967 A by 4) 


ps st-treatments 


completely overcame | kr X-ray depression of 


embryo viability, while u.v. treatments alone 
produced few germless seeds. Similar inter- 
actions of u.v. and X-rays“? are discussed in a 
preceding section (Section IIT C). 

STADLER and SpraGue"®*) noted that germ- 
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less. seeds were much more abundant, relative 
to endosperm losses, following X-ray treatment 
than following u.v. U.V. doses required to re- 
duce seed yields by 10 per cent varied with wave 
length and were exceedingly high with 2967 A 
u.v. compared with 2537 A (est. 6108 
erg/cm? and 10® erg/cm®, resp., from STADLER 
and User.) These data unquestionably 
follow the u.v. absorption spectrum of DNA, as 
do the data for endosperm losses or chromosome 
aberrations in pollen-tube con- 
firming the significance of DNA in chromatin 
as radiation “target”. At 1-6 10® erg/cm? for 
2652 A, 19 per cent embryo abortion was 
recorded,“®) while treatments between 5 x 10° 
and 10® erg/cm? are conventional for 2536 A 
u.v. treatments in maize endosperm studies.@* 
58, 96,165) Similar treatments of 5-5 x 10° erg/cm? 
were employed as ‘‘a satisfactory compromise 
between killing and mutagenic effectiveness’’ for 
wheat pollen,©*!®) at which dose 27 per cent 
of the embryos aborted and seed viability was 
reduced by 40 per cent. Evidently similar 
results were obtained from 2-5 kr X-ray treat- 
ments to pollen of Triticum durum.@? 
Neutron-irradiations of maize pollen pro- 
duced several incongruities apparently stem- 
ming from the problem of gamma contamina- 
tion, probably also from the varying nitrogen, 
boron and hydrogen contents of maize pollen 
on which neutron efficiency largely is based.“” 
Neutron-induced dominant lethals affecting 
seed viability were recorded by Frouik and 
Morris.‘ 64) While seed sets were largely 
uninfluenced by treatments up to 7x10! 
n'/cm? by and Morris‘*) and up to 
26 x 10! n'®/em? by Konzak and SINGLETON,“ 
defective kernels were common above 10! 
n'"/cm? in both studies. Several embryo and 
endosperm abnormalities were detailed by 
Frouik and Morris.*») Seed viability proved a 
much more sensitive indicator than seeds set. 
and viability was reduced 50 per cent at 
1-7 x n'"/em? and by 95 per cent at 6-7 10! 
n'"/cm?.(6) Viability data were not reported by 
Konzak and in which study 
treatments much higher than those employed 
by Frou and Morris‘* 6) were evidently 
satisfactory for endosperm marker loss induction. 
High neutron sensitivity of both embryo 


lethals and endosperm marker losses was evident 
in the studies of Frotrk and Morris, with an 
RBE of about 6 comparing n'®: 250 kvp X-rays 
for marker losses.‘ 64,122,144) Tn contrast, an 
RBE of about 2 must be deduced from the 
endosperm marker loss data of Konzak and 
SINGLETON.“ ScumipT and present 
calculations for neutron capture reactions in 
maize pollen, based on fresh weight values of 
2-3 per cent nitrogen, 9-8 p.p.m. boron and 
8-5 per cent hydrogen. N, B and H account for 
nearly all of the ionizations produced by thermal 
neutron capture.“?) Konzak and SINGLETON'’® 
based their calculations on the same concentra- 
tions, although the B content of 0-8 p.p.m. 
appears unrepresentative of other species 
sampled, in which B concs range between 3 and 
15 p.p.m. on wet-weight basis. However, 
Konzak and SINGLETON'®® were able to estimate 
gamma contamination, which amounted to an 
impressive 230 r in treatments of 6-8 x 10!? nth 
(ca. 150 REP). The assumption that gamma 
contamination was equally high in the studies of 
Frolik et al. (as it was also in CoNGER and 
Gites,“ for example) would account for the 
RBE differences of these two studies. The more 
reliable RBE estimate is therefore about 2, for 
both endosperm marker loss and seed invia- 
bility, a figure well below that of 5 calculated 
for Tradescantia pollen-tubes“ and of 
deduced from other plant-cytogenetic systems.‘®? 
That this attributes to low B content in maize 
pollen is improbable, since the adjustment to 
more representative concentrations raises the 
calculated REP/min by less than 20 per cent. 
Similarly, the N content (2-3 per cent) of fresh 
maize pollen, although low relative to 
embryos,“ is about average for pollen ® 
and considerably above that (1 per cent) of 
immature anthers of Tradescantia.4* 

The effects of chronic Co® gamma rays 
applied before and throughout microsporo- 
genesis on maize seed production have been 
referred to briefly by StncLteron;@5 rarely 
were seed recovered above 250 r/day. Gamma 
ray treatments of 1100 r or 1300 r applied over 
a period of 24 hr following second mitosis in 
maize pollen had only slight effect on seed sets 
or on seed viability.“°%: Similar treatments 
applied prior to second mitosis by Mae’) 
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reduced seed sets by more than 50 per cent, 
although seed viability remained high (ca. 
80 per cent). The suggestion of “‘sensitive stages” 
in microsporogenesis relative to seed production 
and endosperm marker loss“) involve rather 
too many variables for consideration here. 
Evidently, data are not available to permit 
critical consideration of sensitivity changes in 
pollen during the last week of post-mitotic 
maturation, as in Drosophila spermatids.“**) 
Mature treatments of maize pollen with 
saturated mustard gas rapidly reduced seed 
sets, and ears were barren following treatments 
of 2 min. Similarly, ethylene oxide treatments 
of 4 min drastically reduced maize seed sets, 
while 2 min treatments affected sets only 
Variability in uptake and _ in- 
mutagens fed to plants or 


slightly.©” 
corporation of 
inflorescences apparently results in considerable 
variability in seed set 
A. Résumé 

Pollen irradiations produce impairment of 
seed and seedling development via a diverse 
assortment of dominant lethal effects in both 
embryo and endosperm. Seed formation is 
inhibited exponentially with increasing dose, 
and sets of well-filled seeds are reduced in the 
X-ray dose range of 3 to 20 kr for the five species 
studied. In contrast, fruit formation is not 
impaired by treatments under 50 kr in the 
same species. The viability of filled seeds per- 
haps provides a more precise criterion of domi- 
nant lethality, and similarly drops exponentially 
with dose (LD;, range of 2 to 10 kr). The 
presence of an initial plateau in dose-response 
curves has been observed in several instances. 
Thermal neutrons appear to have RBE ca. 2 
relative to X-rays for seed sets in maize. Pollen 
treatments with u.v., y-rays and chemical 
mutagens similarly depress seed 
Immature petunia pollen are more radio- 


formation. 


sensitive than mature grains, as evaluated by 
seed set data. 


VI. EFFECTS OF POLLEN IRRADIATION ON 
F, AND ADVANCED FAMILIES 


It is not entirely clear to the authors why 
such an extraordinary radiation effort has been 
applied to seeds of higher plants, while the pollen 
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researches for progeny studies should be en- 
compassed handily in the next few pages. 
Occasionally this might be rationalized as a 
consequence of the difliculty in handling pollen 
or in pollinating, e.g. wheat (although aberra- 
tion yields exceeded 75 per cent in wheat 
following a 250r treatment of pollen.®) 
“Mutation” recovery from irradiated pollen is 
seen to be quite comparable, if not superior, to 
seed results, especially in polyploid material. 
It is evident also that embryo development !®% 
screens out some lethal aberrations from 
irradiated pollen that might survive in seedlings 
derived from irradiated seed. 

The primary advantage of pollen irradiation 
clearly is that F, plants are rarely, if ever, 
chimeral, while the F, plant from irradiated 
seed is inevitably and grossly so (possible 
exception, coffee). For both the critical radio- 
botanical researches and the mutation breeding 
approach, such chimeras are a headache, if 
not a down right anathema. The additional 
advantages of irradiating a single haploid cell 
which withstands an extraordinary range of 
environmental modifications in most species (see 
Section II), suffice to urge a more equitable 
balance in pollen and seed researches. 


A. Cytological aberrations recovered in progenies from 

irradiated pollen 

1. Embryo studies. Despite the selective rigours 
of fertilization and early embryo development, 
the survival of induced alterations is relatively 
high in the embryo, and may be considered 
impressive in polyploid plants such as hexaploid 
wheats.“6) The polyploid endosperm clearly 
accommodates a proportion of radiation-induced 
aberrations well in excess of those which survive 
in the embryo. This has been noted both for 
maize with trinucleate pollen (Section IV A) as 
well as for the binucleate lily?) in which pollen- 
tube mitosis itself acts as a screen for certain 
aberrations. Data are not yet available to 
permit comparisons of aberration yields in F, 
plants of trinucleate vs. binucleate species; this 
difference may be anticipated to be fairly 
significant, for example, for dicentrics (sister 
union in isochromatid breaks, asymmetrical 
translocation, etc.) which would undergo 
breakage during pollen-tube mitosis of binu- 
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cleate species but not until zygote division in 
species with trinucleate pollen. Breakage- 
fusion-bridges have been reported to occur in 
the early embryos of maize"™ and suggested 
to occur in wheat,“®*) although they have not 
been observed in the embryos of binucleate 
lily®®) or Gasteria.C® 

and Cave and Brown) have 
detailed the cytological consequences of pollen 
irradiations on developing embryos. Gasteria 
pollen grains were u.v.-irradiated by SrrauB™S®) 
and the four satellited chromosomes were 
studied at mitotic metaphase in 210 more or less 
stunted embryos (from among 1,800 excised). 
About 40 per cent of the embryos were aberrant 
cytologically, and deficiencies prevailed (80 per 
cent) among these (chromosomes were not 


marked in a way permitting distinction of 


terminal and interstitial deletions). No evidence 


was presented to suggest the occurrence of 


“fractional” embryo changes. Such fractionals 
are to be expected as a consequence of chromatid 
aberrations when trinucleate pollen (viz. maize) 
are irradiated (especially with u.v.). When 
binucleate pollen are irradiated, however, only 
sub-chromatid breakage (suggested to occur in 
some species—ref. 51) could lead to “‘frac- 
tional” changes. The breaks plotted by 
appeared to be non-randomly 
distributed, as observed also for tomato by 
Barton,” with low frequencies near the ends 
and the centromere, and a relatively high 
frequency in the proximal portion of the arms. 
Seven embryos (of the seventy-five aberrants 
studied) displayed aberrations such as exchanges, 
rings and inversions which involved the re- 


joining of u.v.-induced breaks, a frequency 


exceeding that observed in Tradescantia pollen- 
tubes, but below that for maize?” and 
wheat.“®*) Aberrations which would not have 
been observed readily by Straub include trans- 
locations and deletions having little effect on 
arm lengths. Aneuploid variants included three 
trisomics, one haploid and one monosomic 
embryo. Since the cytological aberrations 
chronicled by StrAuB“®” were found exclusively 


among weakly-developed embryos, a relatively 


small proportion of these aberrations would 
have been expected among surviving seeds or 
mature F, plants. 


Cave and Brown®? studied the consequences 
of pollen irradiation on embryo and endosperm 
development in lily. No viable seed were 
obtained at 4 kr, although pollen tube mitosis 
and pollen growth appeared uninhibited at this 
dose. Embryo abnormalities included non- 
fusion, degeneration of zygote, abnormal mitoses 
with bridges, micronuclei and necrosis. Endo- 
sperms in two-thirds of the 150 ovules tested 
had abnormal divisions, commonly with lobed- 
or micro-nuclei. 

2. Induced haploidy. Vhe induction of haploidy, 
potentially of great value in plant breeding, by 
pollen irradiation has been attempted in 
several species with widely varying and generally 
disappointing results. Haploids are not in- 
frequent as spontaneous sports in some species, 
and may occur with frequencies exceeding 
several per cent in certain maize lines. In view 
of these facts, the isolated occurrence of haploids 
following pollen irradiation’ 86 12.16% can 
be viewed largely as inconclusive. In the vast 
majority of studies with irradiated pollen, as of 
petunia,“!* 4) snapdragon,(% 109.179) alfalfa,@ 
Datura, Nicotiana’: 7) and 
tomato, no evidence has been obtained of 
radiation-enhanced haploid frequencies. 

Kihara first reported the evident occurrence 
of haploids as a consequence of pollen irradia- 
tion in Triticum monococcum.‘*8® While only 
six haploids occurred spontaneously among 
1,243 controls, sixteen were recovered by 
KatrayAma’®) among ninety-one plants derived 
from irradiated pollen. Two haploids were 
obtained among thirty-five embryos derived 
from X-rayed pollen (2500 r) of JT. durum 
irradiated by Ererkin and Vasitev.¢” How- 
ever, no increase of haploidy was observed for 
an extensive series of aberrants in hexaploid 
T. aestivum following pollen irradiations by 
Sretnttz-SeArs and Sears.“@6) Four haploids 
were recovered by Ivanov among forty-five 
maternal F, plants in .Nicotiana rustica varietal 
crosses, following 12-23 kr pollen treatments. 
The remaining maternal types were diploids 
and were considered to be apomictic in origin. 
Similar evidence could not be provided for 
petunia by Rickx.“! In Crepis tectorum, GERAS- 
stmova'®®) suggested that parthenogenetic hap- 
loids were increased following pollen irradiation. 
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Polyembryony, associated with higher fre- 
haploidy in some grasses, was 
observed by RANDOLPH™?® to more 
commonly among progenies of irradiated maize 
pollen. MorGcan and similarly 
found twin and triplet embryos to be increased 
8 per 


quencies of 
occur 


in maize from 0-1 per cent (control) to 
cent at 3720 r, although none of the twins was 
haploid. Deficiencies induced in sperm cells 
were held by Morcan@ to account for the 
enhancement of this frequency of monozygotic 
diploid twins. Similarly, twin lily seedlings were 
more frequent among those derived from 
X-rayed pollen. found lily 
twins occurring up to 0-2 per cent following 
irradiation, of which half of the 102 
studied were not equal in size; chromosome 


over 


counts were not provided. 

The detailed cytological studies by EmMer- 
LING“) of maize plants aberrant for Chromo- 
somes 9 and 10 revealed an apparent increase in 
haploidy following both u.v. and X-ray pollen 
treatments. One haploid was recovered among 
11,707 control seedlings, while twenty-two were 
recorded among 20,869 seedlings derived from 
irradiated pollen. A disproportionate share of the 
haploids occurred among F, plants aberrant 
for Chromosome 10. Sporadic haploids have 
been reported in maize following pollen u.v. 
irradiation by SINGLETON ;“4*: 152) however, spon- 
taneous haploid frequencies exceed | per cent in 
many maize inbred lines. 

Polyembryony is frequent in certain lines of 
cultivated peppers, and haploids commonly 
occur among the polyembryonic seedlings. As 
in maize, the frequency of polyembryony in 
Capsicum is controlled by the maternal geno- 
type. However, no increase in polyembryony of 
haploidy was recorded following X-irradiations 

900 to 2000 r) of pepper pollen by Campos 
and Morcan.®@” The hint that the 
maternal genotype can be studied much more 
profitably than pollen irradiation with respect 
to the enhancement of haploid frequencies. 

3. Cytology of F, and advanced progenies.—The 
identification of chromosome aberrations among 


authors 


F, plants following pollen irradiation was 
initially provided by for the 
mutant “Nubbin’” of Datura. GaGrerR and 


BLAKESLEE'®”? obtained mutants following radon 
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gamma treatments of young buds, many of 
which were similar to recognized translocation 
types (“secondary trisomics’’). Nubbin” proved 
to be a complex trisomic ® with two translocated 
chromosomes in place of the normal “rolled” 
chromosome. Similar translocated types were 
obtained in abundance from radon treatments 
of anthers or pollen, comprising ninety of the 
269 plants studied.” Of the eighty-two plants 
scored as “abnormal in appearance’’, sixty 
contained chromosomal abnormalities, princi- 
pally translocations, trisomics or added centric 
fragments. Spontaneous translocations occurred 
in ca. 4 per cent of the 15,000 control plants 
studied.°®) Most were associated 
with readily-scored effects on pollen stainability 
, 26, 27, 66) 


aberrations 


or tube growth and plant morphology. 

GoopsPEED and Orson‘) and GoopsPEED'” 
*D irradiated immature buds of .Vicotiana tabacum, 
scoring 245 mutants among the 1,189 F, plants. 
Among the forty plants studied cytologically, 
monosomics, and _ five 
fragments were 


three trisomics, four 
plants having added centric 
obtained. Irradiation of petunia flower buds 
by the present authors“? ?” similarly has resulted 
in the frequent occurrence of cells containing 
centric fragments when buds were irradiated 
meiosis. Among other cytological 
variants studied by GoopspEep’® were five 
plants in which meiotic pairing was_ poor, 
microsporocyte formation common and _ the 
pollen largely sterile. Only nine of the forty 
“mutants” studied showed no visible cytological 


prior to 


aberrations. 

CaTcHEsIDE®! 32) X-irradiated mature buds of 
Ocnothera lamarckiana, recovering ten plants with 
translocation rings of four or six in addition to 
101 plants with seven normal bivalents. All 
translocations were segmental, and no other 
cytological aberrations were recorded among 
F, plants, which included fifteen distinct 
morphological variants.“ Six of the plants with 
translocations were morphologically aberrant; 
in addition, five proved to be pollen-inviable 
a probable consequence of deficiency-trans- 
location) while four were more or less egg- 
inviable. Among the F, (selfed) families grown 
from 208 F, plants, single trisomic plants 
appeared in five families, and three families 
segregated for recessive mutations which were 
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not accompanied by cytological aberrations.) 
The vast assortment of cytological variants 
obtained in this and other studies of Oenothera 
has been reviewed by TiscHLer.“$§?) 

Marquaropt and Ernst“) made comparative 
X-irradiation studies of pollen in unopened 
buds and at anthesis in Antirrhinum. Only eight 
of the fifty-five aberrant F, plants were in- 
distinguishable cytologically from controls. Defi- 
ciencies, observed as heteromorphic meiotic 
bivalents, prevailed (twenty-two plants) among 
the forty-seven cytological off-types. Other 
aberrations included only one exchange, nine 
inversions or bridge-fragment types and twelve 
aneuploids (four monosomics, six trisomics and 
two with centric fragments). Immature buds 
were significantly more radiosensitive to 4 kr 
X-ray treatments than were the mature pollen 
grains (see also Section VI B 1). 

Aberrations among F, petunias from pollen 


X-irradiation by Rick) included a number of 


fragment chromosomes, aneuploids and trans- 
locations. Of the 312 F, plants studied (doses 
ranging from 10 kr to 75 kr), thirty-one showed 
abnormalities (primarily fragments) in root-tip 
mitoses. Chimeras were observed in six of these 
plants, with fragments present either at meiosis 
or in the root tips, but not in both. Three 
monosomics were identified, in one of which the 
unpaired chromosome commonly associated in 
an unexpected trivalent chain, suggesting 
X-ray-induced translocation or intra-genomic 
homology. One inversion and_ several other 
translocations were observed. 

BarToN®’ examined the cytological con- 
sequences of X- and u.v.-irradiation of tomato 
pollen. The presence of defined telomeres on 
pachytene chromosomes permitted identification 
of eighteen deficiencies, of which eleven were 
terminal (five from u.v., six from X-ray 
Among twelve X-ray-induced aberrants were 
eight reciprocal translocations, while two trans- 
locations recovered among the five u.v. aber- 
rants were of the deficiency-type (see later 
discussion of wheat data). One of the u.v. trans- 
locations involved non-reciprocal exchange 
within the centromere region of Chromosome 8, 
the deleted segment of 8 splitting into a func- 
tional isochromosome. The other deficiency- 
exchange involved loss of the acentric fragment, 
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suggesting incomplete reunion of the broken 
strands. Translocations were ca. 30 per cent 
pollen sterile, while >50 per cent pollen sterility 
occurred in deficient plants. Diakinesis associa- 
tions and breakage points of the exchanges were 
described in detail, breakage proving to be 
more common (or reunion less common) near 
the centromere in the highly staining (highly 
coiled?) region characterizing these chromo- 
somes at  pachytene. Additional aberrants 
among 5,677 F, plants included two triploids, 
two tetraploids and one trisomic. CLAYBERG®?) 
similarly has examined tomato progenies growth 
from X-irradiated pollen (4 kr) for reciprocal 
exchanges. Four exchanges were recorded 
among twenty-three semi-sterile F, plants 
(among 200 tested), and a second screening of 
200 plants yielded only four verified trans- 
locations. 

Extensive cytogenetic studies of F, maize 
plants have been made following pollen irradia- 
tion, “6: 49, 112, 149, 152, 159,164) and a review pro- 
vided by Emmeruinc®) of the comparative 
studies of X-ray and u.v. effects in this material. 
and first reported 
cytological aberrations among mutant pro- 
genies when pollen grains possessing known 
dominant genes were X-rayed. Interstitial 
deficiencies were defined unequivocally in 
McClintock’s early study, one of which was 
responsible for the loss of gene A, as were 
several inversions and deficiency-translocations 
see later discussion of wheat). Several X-ray- 
induced interstitial deficiencies were also re- 
ported by de Boer and Emmeruine,“@® while 
none were obtained following u.v. irradiations 
of de Boer and but a single occurrence noted 
by Emmerling. 

Terminal deficiencies appear to have been 
recorded frequently among u.v.-irradiated pro- 
genies of maize 152,159) and of other 
species® 16% Unequivocal classification was made 
for maize only in u.v. studies of EMMERLING.@* 
Similar terminal deletions have not been in- 
frequent among X-irradiated progenies.“@® 
112) EMMERLING™®) presents evidence construed 
to indicate the superiority of u.v. in producing 
such terminal deletions. In contrast, maize 
endosperm studies®®) indicate comparable fre- 
quencies of interstitial and terminal deletions 
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with u.v. and X-radiation, insofar as these could 
be judged from linked marker-loss data. The 
fact that terminal deletions often occur more 
frequently following u.v. irradiation has been 
attributed to some intrinsic inability of u.v. 
breaks to reunite.{S*!*) However, this can be 
ascribed as well to the relatively high frequency 
of chromatid (vs. isochromatid) breaks caused 
by u.v. Since chromatid breaks have no recourse 
to sister unions and are physically restricted from 
inter-arm or inter-chromosomal unions in the 
densely-packed sperm, they may be considered 
the limited 
more often 


reunite within 
thus 


less able to 


2,175) 


period” 


much 
“open” and 
**heal’’ to form terminal deletions. 

The relative superiority of X-irradiation to 
u.v. in the production of translocations has been 
confirmed in several researches,“@* and 
will be considered in detail relative to wheat 
data which follow. The early studies of 
and provided 
clear evidence of “‘deficiency translocations” in 
which losses of dominant pollen markers 
accompanies semi-sterility of the F, plants. 
Many studies have been designed to study only 
the aberrant F, plants having lost such dominant 
pollen markers.“* 4 u.v, and X-ray treatments 
producing comparable frequencies of A and Pr 
endosperm deficiencies were compared by 
and Spracue®*) for frequencies of 
induced exchanges. Of the 100 plants tested in 
each series, forty-four of the X-ray series and 
only one of the u.v.-series contained exchanges. 
Defective pollen characterized 77 per cent of the 
X-ray series and only 14 per cent of the u.v. 
EMMERLING™®)) obtained 


series. De Boer (see 
but two translocations among 3,500 plants 
from u.v.-treated pollen, and five among 


1,670 plants from X-rayed grains. EMMERLING“*) 


emphasized the difficulty in establishing a base- 
line for accurate comparison of these mutagens. 
Among the ninety-three seedlings deficient for 
dominant pollen markers selected by EMMER- 
Linc,“ three of the forty-one from u.v. treat- 
ments and nineteen of the fifty-two from X-ray 
treatments were attributed cytologically to 
deficiency-translocations. In contrast, deficiency 
translocations were much more common from 
u.v. treatments in hexaploid wheat plants 
studied by Sremirz-Sears and Sears.“®*) No 
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translocations were observed among u.v. pro- 
genies studied by nor by 
STADLER and Roman, ®! !®) while X-ray studies 
of DoLLINGER™®) revealed fourteen translocations 
interpreted to be deficient among twenty-nine 
marker losses. Similar data indicating the rarity 
of u.v.-induced translocations has been reviewed 
for pollen-tube studies. On the 
assumption that exchanges involving chromatid 
breaks are less frequent, due to the lack of 
maneuverability of such ends in the chromo- 
somes of dense sperm nuclei, exchanges might 
be expected with relative rarity following u.v. 
irradiation (in which chromatid breakage 
prevails). The added probability that deficiency- 
translocations are proportionately more common 
following u.v. irradiation and less likely to 
survive the rigours of maize seedling growth, is 


tological 


considered later in this section. 

The selection of maize plants with losses of 
dominant pollen marker genes has been used 
in the search for “‘point mutations” (or point 
deletions). applied u.v. irradia- 
tions for such a study, recording two plants with 
no  cytologically-evident deficiency among 
fifteen marker loss types. Among the remaining 
plants were five haploids, and seven plants with 
‘apparently terminal” deficiencies. Other pollen 
treatments with u.v. produced twenty 
sterility aberrants among seventy-five tested 
plants, of which seven contained deletions, 
while no cytological aberration could be noted 
in seven of the semi-sterile types. No trans- 
locations were reported in either of these studies. 
Pollen semi-sterility is encountered very com- 
monly in F, maize following pollen X-irradia- 
tions.‘ 157, 159, 163, 164) 

STADLER and RomAN !®!1!62) studied in detail 
the loss of gene A following u.v.- and X-irradia- 
tions. Among an estimated 415 X-ray-induced 
A losses, at least 128 were cytogenetically tested. 
Only three of these plants produced normal 
pollen, while forty-nine others segregated 
aborted grains and seventy-six failed to flower 
or dehisce. The A loss in one of the three normal 
plants was not transmissible through the pollen, 


while the remaining two A losses were zygote 
lethals when in homozygotes or compounds. 
By ingenious tests, all three A losses could be 
proved to be deficient for factors affecting an- 
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thocyanain and chlorophyll production, while 


crossing-over was reduced in the vicinity of 


two of the three losses. The authors concluded 
that the three “mutations” represented in fact 
point deletions below the limit of cytological 
resolution. Concurrent studies of u.v.-induced 
A losses revealed four normal mutants, viable 
in homozygotes and compounds and with no 
associated effects on crossing-over.“®& Com- 
parable point-mutation evidence been 
obtained by Nurrer*) for maize endosperm 
Section IV A 2). 

DoLLINGER™® selected F, seedlings exhibiting 
losses of marker genes. Among the fifteen losses 
of Ye, (nearly terminal locus on Chromosome 


9), fourteen were associated with cytological 


changes. Terminal losses occurred in four of 


these, three were monosomic and six showed 
deficiency-translocation rings, while one plant 
was cytologically normal. Losses of the linked 
Lg and Gil loci occurred as the evident con- 
sequence of chromosome loss in two plants, 
plants and 
terminal deficiency in one plant. Four marker 


deficiency-translocation in eight 


loss plants appeared cytologically normal for 
Chromosome 2, although three of these contained 


univalents of Chromosome 8. The effects of 


these evidently-normal mutants in homozygotes 
and on pollen transmission were not investi- 
gated, so that minute deletions can in no way be 
excluded. Deficiencies large enough to be 
observed in maize commonly affect pollen 
fertility.¢° 

Scuu.tz™) scored the u.v.-mutation yields 
of F, endosperm (Section IV A) and seedlings 
for marker changes based on breakage and 


reunion in a ring chromosome. The presence of 


a duplication of gene A leading to variegation 
permitted search for rod chromosomes, expected 
as a result of breakage and loss of fragment 


with no subsequent reunion. No such events 


occurred among seeds producing almost 20 
per cent mutant types (marker losses). The data 
suggest that u.v.-induced terminal deletions do 
not occur or are lethal in the material studied. 
Cytological aberrations were observed among 
thirty-seven F, derived from 
gamma-irradiated maize anthers by 
Nine plants were aberrant, eight showing 
meiotic bridges (evidently not associated with 


plants 


fragments) plus one exchange. 

Pollen sterility reflecting translocations was 
common among F, maize plants from thermal 
neutron pollen treatments of Fro.ik and 
Morris,‘*) comprising over 50 per cent of the F, 
plants from treatments exceeding 8 x 10!n'"/cm? 
(vs. ca. 6 per cent from seed treatments with 
10 kr X-rays). 


of the aberrations to be translocations, with the 


Morris“) showed ninety-two 


230 breaks distributed nearly at random in the 
genome. Both peri- and para-centric inversion 
23/123 


were rare 


while 
plants). 


commonly plants) 
6/123 


Among 123 outcross progenies of F, plants, 


occurred 
visible deletions 
ninety-four segregated for one and seventeen 


segregated for more than one chromosome 


aberration. Pollen sterility, primarily reflecting 
exchanges, exceeded 40 per cent among F, 
families. 

Mustard gas pollen treatments by 5°) 
and Gipson, Brink and STAHMANN(®%) induced 
ca. 15 per cent semi-sterile F, plants in maize. 
Sterility increased with dose and was trans- 
mitted to forty-eight of the seventy-one F, 
aborted 
pollen.” Diepoxybutane treatments of KReEIz- 


progenies from Fy, plants having 
INGER‘?* which induced extensive endosperm 
marker loss appeared not to produce a measur- 
able increase of F, aberrations. It is suggested 
by that diepoxybutane-induced 
breaks might heal more readily in the zygote 
than in the endosperm. 

A most definitive cytogenetic study of 
aberrations induced by X-ray and u.v. treat- 
ments of pollen has been reported by STernirz- 
Sears and Sears.'!®§) Pollen of hexaploid wheat, 
Triticum aestivum, were irradiated at about 
5 x 10° erg/cm? or at 256 r. Cytological aberra- 
tion frequencies were strikingly high, compared 
to the 10-15 per cent characterizing other 
species, with 77 per cent cyto-aberrants among 
the 124 X-ray derived plants and 39 per cent 
among the fifty-six u.v.-derived plants. Hetero- 
morphic bivalents, occurring as the result of 
deficiencies, twenty-three different 
chromosomes in the twenty-two u.v. aberrants, 
of which thirteen were apparently telocentric 


involved 


(implying terminal deletions). Six other apparent 
telocentrics were involved in multivalent con- 
figurations. However, examination of root tips 
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revealed that few, if any, were actually telo- 
centric. Similarly, following X-irradiation, fifty- 
seven heteromorphic bivalents (forty-nine ap- 
parently telocentric) occurred among the ninety- 
six aberrants. Root tip evidence again showed 
none of those tested to be true telocentrics, thus 
permitting the contention that the deletions 
were interstitial in origin, 

Translocations were common both in the 
u.v. and X-ray series; fourteen of the twenty- 
two u.v. aberrant plants had a total of eighteen 
translocations, while seventy-five of the ninety- 
six X-ray aberrant plants had a total of eighty 
translocations.“®%) Careful examination of the 
exchanges revealed the following frequencies: 

u.v.: 4+ rings, 14 chains or multivalents (10 

involving definite loss 

X-ray; 

14 involving definite loss). 
Chain-forming exchanges not involving detect- 


38 rings, 52 chains or multivalents 


able deletions were viewed as carrying trans- 
located pieces too short to permit ring-formation. 
Other cytological aberrations included mono- 
somes and trisomes (four and two for u.v., 
twenty-three and three for X-ray, respectively 
and two centric fragments. 

Consideration of the paired monosome fre- 
quencies, among others, led the authors 
that attributable to 


asymmetric exchanges, were seldom lost in the 


to conclude dicentrics, 
hexaploid wheat embryo. Asymmetrical ex- 
changes or the resulting chromosome breakage- 
fusion-bridge cycles were viewed as leading to 
many, if not most, of the observed deficiencies 
as heteromorphic bivalents), the remainder 
‘*healed’’ breaks, 

deficiencies or chromatid b-f-bs. In 
chromosome type b-f-bs resulting from dicentric 


coming from interstitial 


contrast, 


translocations do not occur in maize endosperm 
following breakage by the gene Ds.‘®) 
The wheat data are similar to those for maize 


endosperm (Section IV A) in that the effects of 


u.v.- and X-irradiation are nearly comparable. 
The wheat 


occurred in the relative frequencies of ring: 


only significant discrepancy in 
chain exchanges, with clear evidence that more 
u.v.-induced exchanges involved loss of chroma- 
tin. and SeEArs observe that 
such deficiency-translocations would less likely 
be tolerated in diploid species such as maize 


the data of DoLLINGER™® suggest this to be 
relative to gene location, as one would predict 
The wheat data were regarded“®®) as suggesting 
less reunion and more healing of broken chromo- 
somes following u.v. treatments. 

It is observed in the present paper 
Section VII) that the vastly increased rate of 
chromatid-type breaks (Section III A, [IV A 1) 
following u.v. irradiation, relative to X-rays, 
can be held responsible for the increased fre- 


(see 


quencies of deficiency-translations in progenies 
of u.v.-treated pollen. ‘‘Fractional’’ and ‘‘en- 
tire’’ endosperm loss ratios of FABERGE®*) were 
69 : 31 for u.v. and 16 : 84 for X-rays. Taking 
these data to be representative of chromatid- 
and isochromatid-type aberrations wheat 
see Section IV A 1), respectively, one may 
calculate the relative frequencies of occasions 
on which two different types of breaks occur in 
the same sperm. These frequencies are: 
U.v. 
49° 


2 isochromatid breaks. . 
2 chromatid breaks 
chromatid+1 isochromatid 


42%, 


two 


break. . 
Symmetrical exchanges involving 
chromatid breaks result in the segregation at 


1SO- 


zygote division of daughter cells each bearing 
the two translocated chromosomes. In contrast, 
symmetrical exchanges involving two chromatid 
breaks or involving one isochromatid and one 
chromatid break deficient zygote 
daughter cells having one translocated and one 
normal member. ‘The of such 
deficiency-exchange cells is 50 per cent; an 
additional 25 per cent of the cells would carry 
both translocated while the 
remaining 25 per cent would carry neither. 
Therefore, 92°5 per cent 100—1/2 (15)) of 
the X-ray and 77 per cent 100 — 1/2 (45°5 
of the u.v. daughter cells would carry exchanges, 
of which 15 per cent (=1/2 (27+3)) of the 
X-ray and 45°5 per cent 1/2 (49+42)) of 
the u.v. series would be deficiency exchanges. 
It may thus be calculated that, following 
X-irradiation of pollen reacting as maize, 
16 per cent (15/92°5) of the zygote daughter 
cells which contain will have 
deficiency-exchanges; in contrast, 59 per cent 
16/77°5) of the exchange-containing cells from 


lead to 


frequency 


chromosomes, 


exchanges 
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u.v. treatments will be deficient for part of a 
chromosome arm. These figures compare favour- 
ably with the data (above) of Srermirz-SEARs 
and Sears®§) who recorded fourteen X-ray- 
induced deficient chains out of eighty scored 
18 per cent), and ten u.v.-induced deficient 
chains out of eighteen scored (56 per cent 
Asymmetrical exchanges occur in equal fre- 
quency with symmetrical exchanges, but lead 
to dicentrics which should not complicate these 
calculations, or if so, only slightly. 

According to these hypotheses, any species 
such as maize, in which deficiency trans- 
locations are less able to survive, would appear 


to be relatively refractory to u.v. in terms of 


translocation yields in seedlings. The effect 
on marker-loss recovery in maize endosperm 
would be to enhance slightly, if at all, the re- 
covery of fractionals following u.v.-treatments. 


B. Morphological effects observed in progenies from 
irradiated pollen 


1. F, progenies. Convincing evidence had 


accumulated prior to 1925 that irradiations of 


flower buds led to gross morphological changes 
among immediate (F,) progenies. As early as 
1922, GaGer and had presented 
evidence suggesting that some of the radon- 
induced abnormalities in Datura were heritable. 
The classical studies of trisomic “mutants” in 
Datura by these investigators included extensive 
observations of pollen viability and pollen-tube 
growth.?? Many gametophytic mutants were 
linked later to aberrations (see 
Section VI A 3), primarily translocations in- 
duced in the irradiated pollen.@**®) A major 
conclusion of these early researches, viz. that 


cytological 


morphological abnormalities were abundant in 
progenies from irradiated pollen, has been 
verified in many studies, in which the pro- 
portion of F, aberrants averages over 25 per 
cent. Aberration yields have been exceedingly 
high (up to 80 per cent) in polyploid species. 
The earliest induced F, modifications in 
Datura were from ovaries exposed to gamma 
irradiation from a capillary tube containing 
13 me of radon.(*?) The tube was inserted for 
varying periods into the ovary wall following 
megaspore formation. It was estimated that 
pollen received less than | per cent of the dose 
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reaching the ovaries. Frequencies of aberrant 
fruit types in F, progenies following selfing of 
irradiated flowers averaged 18 per cent, vs. 
0-5 per cent among the unirradiated controls. 
Among 413 F, plants derived from radon 
treatments“) of anthers and pollen of Datura, 
204 F, plants were scored as morphological 
aberrants. Among these, 171 had increased 
pollen abortion, while partial pollen sterility 
also occurred in forty-nine of the 209 “‘normal” 
F, plants. The effects of chromosomal aberra- 
tions on Datura pollen viability and growth had 
been reported in 1926 by BLAKESLEE and 
CaRTLEDGE.“)) These and the concurrent 
studies of translocations in maize“! empha- 
sized the significance and utility of pollen 
sterility as an index of radiation genetic damage. 
A series of classical studies of Datura trisomes 
and mutants was initiated, using pollen germina- 
tion and growth as criteria of cytological aberra- 
Radon-induced mutations of this type 
were reported by BucHHoLz and BLAKESLEE 
in 1930 and a detailed description of these 
‘“gametophytic factors’ was later published@? 
see also BREWBAKER®)), The mutations were 
induced by irradiation of mature buds or of 
growing pollen-tubes by attaching radon tubes 
to the pollinated styles. A total of 384 F, plants 
resulted from the pollen irradiations; 192 were 
examined for pollen growth patterns i situ, and 
forty-eight were selected as gametophytic aber- 
rants. Pollen-tube growth was determined after 
about 12 hr following self-pollinations. Induced 
inviable pollen, (2 
pollen-tube 


tion. 


abnormalities included (1 
delayed pollen germination, (3 
bursting in stylar tissue, and (4 
of pollen-tube growth; many of these were 
observed or could be construed to be trisomics 


reduced rates 


or deficiencies. 

The effect of pollen aging on aberration 
yields was examined by CARTLEDGE, MURRAY 
and BLAKEsLEE,®) who found that the effects of 
irradiation were mimicked by prolonged pollen 
storage. While fresh pollen failed to produce 
F, plants with aborted pollen, 5-6 day old 
pollen resulted in 6 per cent aberrants and the 
frequency increased to 14 per cent with pollen 
stored for 8-10 days. A similar increase in 
mutation rates upon aging of pollen was noted 
in snapdragon by Srusse,“*) and chromosome 
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breakage was similarly enhanced by pollen 
storage of The enhancement of 
chromosome breakage by oxygen“ might be 
suggested to account for increased aberrations 
frozen or 


Paeonia. 


from aged pollen; no studies of 
anoxically stored pollens have been reported. 
X-irradiations of .Vicotiana species by Goop- 
SPEED and co-workers‘: 71: 73.75) served to con- 
firm and extend the concurrent radiobotanical 
observations in Datura. GOODSPEED and OLson 
flower buds of tobacco (.Vicotiana 
Over 20 per cent of the selfed pro- 
genies were scored as variants. Irradiations of 
the mature pollen alone clearly ‘‘effect(ed) 
genetic modification, a point which should 
GOODSPEED,” 


difference 


irradiated 
tabacum). 


prove of some importance” 
The indicated no 
between mutant frequencies from irradiated 


p. 566). data 
immature vs. mature anthers;( 15 per cent 
of the F, plants were aberrant from treatments 
of flower buds with maturing pollen at three 
different stages. The frequencies of aberrants 
were compared for five Nicotiana species, of 
which the tetraploid .V. tabacum yielded about 
twice as many aberrants as the three diploids 
and another tetraploid, V. rustica.“ The most 
common types of aberrant phenotypes were 
dwarfs, variegated leaves, and aborted flowers.) 

Irradiation of mature pollen of .V. tabacum in 
later studies of GoopspEED') gave ca. 6 per 
cent variants following 30 min exposure to 
90 kvp X-rays, while variant frequencies in- 
creased to between 30 and 70 per cent with 
+5 min exposure. Developing zygotes appeared 
to be most sensitive to X-irradiation; F, 
aberrants exceeded 70 per cent following 45 min 
exposures of 2-5 day old 
Mericieand Mericie!®)), The same exposures 
fewer than 
Section 


zygotes (see also 


to seed or seedlings resulted in 


25 per cent F, aberrants (see also 
VIA 3). 

TeRNOvskuI@8) similarly irradiated anthers of 
\. tabacum at different stages of development, 
using 65 kvp X-rays. Increasing pollen exposures 
from 10 to 20 min increased F, variant fre- 
quencies from 9 to 24 per cent, exceeding greatly 
the yields of irradiated ovaries. Sterility was 
common among F, progenies, with over half 
the plants producing no seed and 25 per cent of 
the remaining plants showing noticeably reduced 


fertility. Among the total of 13,349 F, plants 
scored, 2,131 were phenotypically variant. 
Such variants included 127 with off-colour 
leaves, 413 with small leaves, 218 with altered 
flower size, 132 with altered flower colour, 
591 with reduced anthers, 306 with long stigmas, 
sixty early flowering, nine late flowering and 
eighty-five plants of abnormal height. Among 
3,063 F, progenies, 121 segregated recessive 
mutants. 

Treatments by Ivanov®® of pollen from the 
polyploid .V. rustica produced 95 per cent 
aberrant F, plants following treatments of 12 kr 
to 23 kr which reduced seed sets to | per cent 
of normal. Reciprocal crosses of the morphologi- 
cally-distinct .V. rustica varieties texana and 
facilitated identification of maternal 
offtypes among F, progenies. Among 29] 
hybrids from irradiated pollen, 275 were aber- 
rant morphologically, of which forty-five were 
maternal in phenotype (see Section VI A 2 
Pollen fertility was reduced greatly among the 
aberrant plants. 

Buds of Oenothera lamarckiana and O. franciscana 
were treated by BrirtiInGHAM®) to gamma rays 
from radon tubes inserted into the flower 
clusters for 4 to 24 hr. Buds at or prior to 
nearest the tubes became 
necrotic and abscissed. Many 
aberrant leaf shapes and sizes were observed 


humilis 


those 
commonly 


meiosis and 


during seedling development, and only a few 
plants were recorded to have reached flowering 
stage under field conditions. Flowering plants 
often displayed reduced flower size, abscissed 
buds and pollen sterility. 
X-irradiated 
lamarckiana with exposures ranging up to 30 min 
from 62 kvp X-ray machine. Visible F, aberrant 


pollen of O. 


frequencies increased more or less linearly to 
9-1 per cent at the highest treatments. Pheno- 
typic variants which were described in detail 
by the author) included “‘willow-leaf’’, ““boot- 
and other leaf-shape variants. Other 


lace”’, 
aberrants were dwarfs, pale-greens and green 
sepals. Nearly all mutants were semi-sterile, and 
cytological aberrations were common (see 
Section VI A 3). Three recessive mutants were 
recovered among F, populations. 
Potentially-valuable induced mutations were 
recorded in the early studies (1930) of cotton 
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following pollen irradiations by McKay and 
GoopsPEED.“!® X-rays from a 50 kvp source 
were applied to mature anthers prior to pollina- 
tion. Increased seed size was observed in two F, 
plants and two plants produced seeds evidently 
free from lint. Other induced variants included 
sterile and semi-fertile plants, twisted and 
deformed stigmas, peculiarities in leaf shape and 
venation, fasciated and enlarged stems, in- 
complete flowers and dwarfs. Co® gamma 


irradiations ranging from 400 r to 3200 r of 


cotton pollen by Pare“) induced significant 
increases in F, sterility and phenotypic offtypes. 
Variances increased with dose for percent lint, 
seed index and lint index. Three mutations 
affecting leaf and plant conformation segregated 
in F, families. 

ARMSTRONG®) similarly observed that X- 
irradiation of pollen increased phenotypic 
variability among F, alfalfa plants. The 
irradiated pollen of a blue-flowered Medicago 
sativa was applied to male-sterile yellow- 
flowered strain. F, plants from pollen treated 
at 8 kr and above were screened for haploids 
(Section VI A 3). Significant decreases in 
average performance and significant increases 
in genetic variance were recorded among 100 F, 
plants from each of the 2 kr and 4 kr treat- 


ments scored for seedling growth rate, degree of 


tillering, leaf size, seed yields and_ pollen 
sterility. Higher treatments resulted in too few 
seed for similar studies (see Section V 

STEBBINS and McCo.ium"®® irradiated pollen 
of the 4n Dactylis glomerata with 1250 r X-rays 
prior to making a subspecific cross. Chromo- 
somal sterility was increased among the 126 
F, plants, of which fifty plants produced < 20 
per cent fertile pollen and had greatly reduced 
seed yields. In contrast, pollen X-irradiations 
of 500 to 2000 r did not appear to affect the 
fertility of F, plants in the (diploid) Linum 
usitasissimum.|38) 

Chlorophyll mutants were recovered in F, 
progenies following pollen irradiations of aspen, 
Populus tremuloides, with 500 r and 1000 r by 
VON 

Pollen of the snapdragon (Antirrhinum majus) 
have been used for most extensive studies, 
summarized by Srusse,'®) of the effects of 
u.v.- and X-irradiations. The yields of aberrant 
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F, plants commonly were low in Sippe 50 of 
this self-pollinated diploid species relative to 
polyploids such as wheat or tobacco. Initial 
studies revealed ca. 400 offtypes among 45,000 
F, plants.¢9 The comparatively high frequency 
of F, mutants (see Section VI B 2) in snap- 
dragon indicated that diploid species afford 
a more rigid screen in embryo and seedling 
development to gross deletions that might sur- 
vive in polyploid tissues. “‘Point deletions’? or 
‘“‘mutations’ without deleterious effects would 
survive equally well in either background. The 
principal studies of snapdragon, initiated by 
Stubbe prior to 1930, thus were of the yields of 
F, mutations. Visible aberrants of many types 
were recovered in the F, progenies,“ averag- 
ing ca. 5 per cent following conventional 1—2 kr 
pollen treatments. 

MarQuarpt and Ernst) compared the 
efficiencies of irradiations of mature vs. im- 
mature Antirrhinum pollen. An X-ray treatment 
of 3000 r (63 kvp) was applied to mature 
anthers as well as to immature buds (4 days 
prior to anthesis) of A. majus. Crosses of the 
matured pollen were made on _ unirradiated 
flowers. The frequencies of abnormal F, plants 
increased from 1°9 per cent for mature pollen 
to 12°2 per cent for the immature grains. The 
authors suggested that increased nuclear volume 
of the generative nucleus in the immature 
pollen could account for part, but not all, of 
the increased effectiveness of treatments in this 
stage. F, phenotypic changes included dwarf 
types, small leafs, leaf irregularities, flower 
mutants and ‘“‘weak”’’ types (see also Section 
VIA 3). 

The effects of moisture changes on radio- 
sensitivity of snapdragon pollen were studied in 
detail by 84) with some interesting, 
if perhaps enigmatic, results obtained among the 
35,000 F, plants and ca. 10,000 F, families 
scored. Pollen were kept in all treatments for a 
period of 40 hr prior to pollination. Unirradiated 
controls, stored in moist air, produced relatively 
high frequencies of 1°4 per cent visible F, 
aberrants and 2-2 per cent mutant-segregating 
F, families.(*59 These data suggest an en- 
hancement by storage of spontaneous muta- 
Dry-stored pollen irradiated with 
6000 r were rather less sensitive (4 per cent 
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F,-, 3°8 per cent F,-aberrants) than fresh or 
moist-stored pollen (ca. 4°5 per cent for each). 
Pollen stored in moist air for 8 hr were the most 
sensitive (5°8 per cent F,- and 4°6 per cent 
F,-aberrants), exceeding aberration yields (4°3 
per cent F,, 4°4 per cent F,) of pollen stored in 
moist air 33 hr prior to irradiation. The author 
concluded that hydration increased sensitivity ; 


contrasting results have been noted in studies of 


pollen germination (see Section II). 

Ultraviolet and X-ray treatments by BARTON”? 
of tomato pollen produced infrequent mutants. 
When pollen with dominant gene A, were u.v. 
irradiated, nine marker-loss plants were re- 
covered among the 2,699 F,s. Eight of these 
failed to develop a meristem, and the one 4, loss 
that did grow, produced a callus and died. 
These and other results suggested the simul- 
taneous loss of A, locus and genes necessary for 
proper meristematic development. Six marker 
loss types for other loci were obtained among 


2,978 additional seedlings. The frequencies of 


visible F, aberrants (including dominant gene 
losses) were 1-2 per cent for X-rays and 0°9 per 
cent for u.v. Observable cytological abnormali- 
ties were associated with 21 per cent of the u.v. 
mutants and with 28 per cent of the X-ray 
mutants (see Section VI A 3). Five F, progenies, 
among 431 tested, segregated for recessive 
mutants (principally chlorophyll losses). 

The extensive studies of cytological changes in 
F, plants of maize have been reviewed in 
Section VI A 3. The losses of dominant marker 
genes carried by pollen have served as an entree 
to a most detailed search for radiation-induced 
“point mutations” in seedlings 161.162) and 
maize endosperms;“*) the evidence remains 
convincingly that minute deletions account for 
most, if not all, suspected mutations. 

Gross morphological changes are not com- 
mon in diploid maize following pollen irradiation 
nor are such aberrants common following seed 
irradiations. Presumably this is a consequence 
of the maize growth habit rather than of selec- 
tion during embryo development, since semi- 
sterile plants are very common. 97-159. 163,164) 
Marker loss rates are far less frequent for 
embryo than for endosperm (Section III), 
for which the seedling data of EMMEeRLING®@®) 
appear representative: 
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Total 
Locus Loss.Rate Seedlings 
u.v. (2:4 10° erg/cm? R 7423 
u.v. (2-4 10° erg/cm? Bz 2-1x10-* 6168 
X-rays (400 r R 9-1x10-* 4272 
X-rays (400 r Bz 10:3x10-% 3006 


‘Treatment 


Data are not available to test the prediction of 


FABERGE®®) for endosperm marker loss rates, 
relative to gene location, for their applicability 
to embryo losses. Seedling marker losses in- 
volving at least 10 loci have been recorded 
following pollen X-irradiation@® 196.159 and 
following u.v. irradiation.@* 4% 152) Tt has been 
suggested that F, morphological variants are 
more frequent following X-ray treatments than 
following u.v. treatments producing com- 
parable frequencies of endosperm marker 
losses,@% 149.159 and pollen sterility has been 
observed more frequently in F, plants following 
X- or neutron-irradiation than following u.v. 
treatments (77 per cent. vs. 14 per cent) .(64 164) 

A study of the comparative effects of X-rays 
and thermal neutrons on F, progenies in maize 
was made by Froiik, Morris and 
64,122,144, Pata from these studies have been 
reviewed elsewhere in this paper (Sections 
IV Band V A 3). In the initial thermal-neutron 
study,(®®) excised corn tassels were exposed in a 
nuclear reactor (flux of 710! nt®/cm?) for 
periods of | to 16 min. Aberrant F, plants 
increased more or less linearly with dose up to 
8 min; no seedlings were recovered from longer 
treatments. Comparing the | and 6 min treat- 
ments, plants with one or more abnormalities 


increased from 571 to 30 per cent, plants of 


abnormal height increased from 4°7 to 29 per 
cent, plants with grass-like leaves increased 
from | to 10°6 per cent, plants with incomplete 
floral development from 1°3 to 9°6 per cent, 
plants with subnormal chlorophyll content 
from 0 to 48 per cent and plants segregating 
aborted pollen from 22 to 91 per cent. F, 
seedling heights were measured at 28 days 
following seed and pollen irradiations with 
thermal neutrons and X-rays.“ Comparable 
reduction of seedling heights occurred with 
7500 r seed treatments and 1200 r pollen treat- 
ments. In contrast, neutron treatments were less 
effective with pollen (RBEs cannot be accurately 
estimated), attributing in part to the low boron 
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and nitrogen contents of pollen (see Section V). 

scored progenies of maize for 
losses of dominant seedling markers following 
pollen treatments with —nitrogen-mustard 
vapours. Losses of B, Lg and Bm, loci occurred 
in the frequencies of 3°8, 2°4 and 3:1 per cent, 
respectively. Approximately 15 per cent of F, 
plants segregated aborted pollen, and 10 per 
cent were of aberrant morphology. Exposures 
of maize pollen to saturated vapours of tris- 
Nitrogen mustard similarly were reported by 
Gipson, BRINK and STAHMANN,‘®*) who observed 
an overall average of 14°5 per cent F, plants 
with sterile pollen. Frequencies of semi-sterile 
F, plants increased from 9 to 13 to 19 per cent 
for treatments of 0°5, | and 2 min, respectively. 
Although diepoxybutane treatments of maize 
pollen were highly effective in producing 
endosperm marker losses (Section IV B), less 
than 0-4 per cent of the F, plants observed by 
showed pollen sterility, and 
no F, aberrants were observed. 

2. Advanced progenies. The recovery of mutant 
segregants in F, progenies from irradiated 
pollen was first recorded for Datura.6® The 
recessive mutant “pale leaf’ was obtained 
among 50 F, families. GAGER‘®® later reported 
a series of recessive F, mutants including 
eighteen albinos, thirteen pales, eight tough- 
leaves and four male-steriles. Other Datura 
mutations affected pollen growth (see Section 
VIB1). 

STADLER) observed forty mutants segre- 
gating in maize progenies derived from pollen 
irradiations, and SraApLeER and SPRAGUE 
reported thirty-one recessive mutants among 
830 F, ear-to-row families from u.v.-treated 
pollen. Alterations principally involved seedling 
colours, growth habit and seed conforma- 
tion.45%163) Mutation yields following 2967 A 
u.v. irradiations appeared unusually 
averaging ca. 20 per cent, compared to X-ray 
frequency of 6 per cent at 500 r. In contrast, 
X-ray treatments relatively high 
vields of semi-sterile F, plants. 


produced 


Recessive mutants obtained in F, progenies 

of tobacco.48» cotton™22) and 
tomato) have been discussed in Section VI B 1. 


A detailed quantitative study of the genetic 
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effects of pollen irradiation was made _ by 
Stubbe and co-workers in Antirrhinum majus, 
and these researches have been fully sum- 
marized by Early investigations 
of Baur had demonstrated the low frequency 
(<0°5 per cent) of spontaneous mutations 
segregating in F, progenies of Sippe 50 of A. 
majus. Irradiated buds produced greatly en- 
hanced mutation frequencies.¢ A number of 
radiobiological variables were explored in 
these studies, despite the laboriousness of screen- 
ing the large F, populations (several hundred 
thousand seedlings). Factors investigated in- 
cluded wave lengths, dose rates, stages of 
irradiated buds, dose fractionation and differ- 
ences among species. NOETHLING and STuBBE"”°) 
studied F, mutation frequencies following 6 
X-ray doses ranging from 100 r to 3200 r at 
3 wave lengths from 2-1 A (‘‘grenz” rays) to 
0:02 A (150 kvp rays). Mutation yields in- 
creased more or less linearly with dose irrespec- 
tive of treatment. No significant differences 
were observed among the wavelengths sampled, 
nor were differences observed between radium 
and X-ray treatments of 3 kr and 6 kr. How- 
ever, more refined cytological approaches to 
comparative studies of wave lengths have shown 
such differences (Section III C). 

Fractionating the X-ray or radium doses 
(3 fractions at 24 hr intervals) did not influence 
mutation recoveries, evidence supporting the 
contention that most of the F, mutations were 
one-hit aberrations; it may be suspected that 
that F, mutation data are not sufficiently acute 
to detect a two-hit component in aberration 
curves. Ultraviolet spectra were surveyed up 
to 3130 A, and the evidence interpreted to 


indicate the superiority of 2967 A (see con- 
trasting data in Sections III A, IV B). F, 
mutation rates increased from 3 to 8 per cent 
with increasing u.v. exposures. Similarly, 10 
weeks pollen storage increased spontaneous 
mutation rates to 8 per cent, exceeding in 
efficiency the conventional X-ray treatments 


(ca. 3°1 per cent mutants at 6 kr). Detailed 
descriptions of the types of F, mutants, which 
comprised a great variety of effects, were made 
by Srusse;7) many mutants were associated 
with no visible sterility and of evident value in 
snapdragon breeding research, 
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The effect of pollen irradiation on incompatibility 

Irradiation of mature pollen has been tested 
unsuccessfully to overcome intraspecific  self- 
incompatibilities,?) and with only minor 
measure of success in overcoming interspecific 
incompatibilities.“* 18%171,189) Tn the former 
instance, irradiation may be used successfully 
to overcome the gametophytic-type of self- 
incompatibility?» only if applied prior to the 
completion of meiosis. This attributes in large 
part to chromosomal aberrations which do not 
occur or could not affect incompatibility re- 
actions when haploid pollen grains are irradi- 
ated.@) 

Irradiations of pollen or flower buds have 
been made in several attempts to overcome 
interspecific incompatibilities, and fair evidence 
of success presented especially by Davies and 
WALL”) for Brassica oleracea 
(irradiated) B. nigra. Two of the five hybrids 
obtained were maternal diploids; these fit the 
classical expectations that pollen irradiation 
might stimulate apomictic development of 
haploids or of maternal diploids. Seed sets 
largely inviable) were increased greatly in the 


crosses of 


respective crosses as a consequence of the 
irradiation. A third plant tested from this cross 
resulted from the fusion of a B. nigra sperm 
with a diploid oleracea ‘‘egg’’. Many plants of 
this triploid type obtained when the 
maternal parent of this cross was irradiated, 


were 


suggesting that imbalance of the diploid hybrid 
was overcome by an_ additional oleracea 
genome.) 

Pollen irradiations by Davies and 
were unsuccessful in overcoming incompati- 
bilities in crosses of Lycopersicon esculentum and L. 
peruvianum, Antirrhinum majus and A. orontium, 
Hordeum vulgare and H. bulbosum, Trifolium 
pratense and T. medium, and V. faba and V. 
narboensis. In the last cross, more “‘large aborted” 
seeds were obtained from gamma-rayed pollen 
or buds of V. faba. Similar increases in seed sets 
have been reported as a consequence of irradi- 


ating pollen prior to crosses of Avena strigosa x 
A, Nicotiana tabacum N. spp,O8 N. 
tabacum * N. rustica®™ and of Lolium perenne 
and Festuca pratensis.% 

Extensive studies of Avena sp. crosses have 
been made by NisuryAMaA and Iizuxa,@?5) and 
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the evidence for radiation enhancement of 
crossability seems at best equivocal. Seed sets 
were unaffected by irradiating pollen in crosses 
of A. strigosa x A. barbata and A. fatua « A. 
satwa, although the few viable seeds obtained 
were from irradiated pollen (12/495 seed from 
irradiation vs. 0/120 control). 

TANAKA’®® treated mature pollen of .Vicotiana 
species in an effort to overcome the incom- 


patibility of NV. tabacum with N. alata, N. 
langsdorfa and N. longiflora. Crosses of N. 


tabacum with unirradiated pollen of these species 
resulted in good yields of poorly-developed 
seeds, but with no viable, well-filled seeds. In 
spite of the somewhat arbitrary nature of the 
“filled’’ seed category,{® considerable evi- 
dence was presented by Tanaka for the in- 
creased frequency (up to 8 per cent) of “‘filled”’ 
seeds in these crosses following pollen irradiation 
at 4°8 or 9°6 kr. Viability of filled seeds was more 
or less comparable at all doses, and none of the 
hybrid seedlings matured. In the reciprocal 
crosses of N. alata «x N. tabacum and N. langs- 
dorfii x N. tabacum, no pods were obtained in 
any treatment, while seed sets and _ viability 
of the NV. longiflora x N. tabacum cross were 
highest in the non-irradiated control (58 per 
cent germination). Evidence for the enhance- 
ment of seed sets in the cross of .V. tabacum x 
N. rustica also was presented by SwAMINATHAN 
and Murty.“@7) Control crosses produced no 
seed, while between | and 2 per cent of the 
ovules were fertilized when pollen were irradi- 
ated (5 or 10 kr). Attributing the one-way in- 
compatibility of this cross to incomplete pollen 
tube growth, the authors interpret their evidence 
to indicate increased pollen growth rates follow- 
ing irradiation, a phenomenon for which other 
supporting data are rather equivocal. A high 
proportion (14 per cent) of the .V. rustica F, 
plants obtained by IvANnov‘®® following self- 
pollination with irradiated pollen were maternal 
in type, and the suggestion was made that these 
arose apomictically following pollen irradiations 
(12 to 23 kr). 

Davies and WALL“ consider various theore- 
tical modes of radiation-enhancement of species 
crossability. The results with intraspecific 
studies add the important possibility that pre- 
meiotic irradiations may be able to “construct” 
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a different spectrum of genetic variants useful in 
overcoming interspecific barriers; tests of this 
hypothesis by Davies and were not 
encouraging. It may be generally concluded that 
pollen irradiation has limited applicability in 
interspecific crosses, although gene transfer 
through pre-meiotic irradiations, as accom- 
plished in SeEARS,“48) has great 
potential importance in this field. 


wheat by 


D. Résumé 

Pollen irradiations have been used 
successfully in the induction of cytological and 
morphological variation among F, and ad- 
vanced progenies. F, plants from irradiated 
pollen are non-chimeral and aberrants are 
recovered readily (up to 80 per cent) in poly- 
ploid species, less commonly (ca. 20 per cent) in 
diploids. Recovery of recessive mutants in 


most 


advanced progenies ranges up to 5 per cent and 
is little influenced by ploidy. More extensive use 
of pollen irradiation in mutation breeding 


appears warranted. 

Morphological aberrations in the F, are 
diverse and semi-sterility of pollen is common. 
An overwhelming proportion of such F, off- 
types can be shown to be cytological aberrants, 
primarily comprising deletion, translocations 
and aneuploids. Deletions are exceedingly 
common and often lethal to embryo or seedling. 
The ratio of terminal to interstitial deletions is 
difficult to estimate unequivocally, but evidently 
is exceedingly small (slightly larger from u.v. 
treatments). All suspected point mutations 
which have been tested critically proved to be 
minute deletions. Trisomics and centric frag- 
ments are relatively frequent from irradiated 
pollen, with monosomics and other aneuploids 
recovered rarely except in polyploids. Attempts 
to enhance the frequency of haploids by pollen 
rradiation have given variable and generally 
disappointing results. Translocations are re- 


covered with ease, especially in polyploids, 
following pollen irradiation. Translocations 
involving gene loss are most readily detected 
by their effect on F, sterility or morphology, and 
therefore constitute a high proportion of those 
studied. Deficiency exchanges evidently survive 
only rarely in diploids, and are more prevalent 
following u.v. exposures, a suggested conse- 
quence of the increased proportion of chromatid 
breaks participating in exchanges following 
u.v. pollen treatments. 

Aberration frequencies have been enhanced 
by pollen storage, by hydration of pollen prior 
to irradiation and by the irradiation of im- 
mature pollen. Although overcoming inter- 
specific incompatibilities by pollen irradiation 
appears not to be feasible, pollen irradiation 
has been used successfully to increase inter- 
specific hybrid seed set in a few instances. 


VI. RESUME: COMPARATIVE EFFECTS OF UV 
AND X-IRRADIATION 

The pollen grain provides one of the better 
experimental objects for examining the relative 
effects of ultraviolet and ionizing radiations. 
Ultraviolet treatments were considered for some 
time to be incapable of producing translocation, 
because of a suspected inability of u.v. breaks to 
rejoin. This has been disproved repeatedly, 
although significant differences between u.v. 
and X-ray treatments do occur in the relative 
yields of deficiency-translocations, terminal 
deletions and “‘point mutations” (minute dele- 
tions). It is proposed here that these and other 
differences relate primarily to the relative 
frequencies of chromatid and_ isochromatid 
breaks induced in generative or sperm cells by 
u.v.- or X-irradiations. 

The more impressive differences between u.v. 
and X-rays which have been substantiated in 
the studies reviewed are the following: 


Effect 
Chromatid/Isochromatid break ratio 
Fractional/entire endosperm loss ratio 
Frequency of exchanges (p-tube mitosis) 
Frequency of exchanges (Fs) 
Frequency of deficiency-exchanges (F;s) 
Frequency of terminal deficiencies (Fis 
Frequency of minute deletions 


ULV. Section 
3 IIIA 
3 IVAI 
5%, IIIA 
high medium VIA3 
low high VIA3 
very rare rare VIA3 
very rare rare VIA3, IVA2 
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Ultraviolet and ionizing irradiations produce 
more or less comparable frequencies of (1) 
breakage-fusion-bridge cycles (maize endo- 
sperm), (2) terminal deletions (tomato), (3 
interstitial deficiencies (maize endosperm and 
wheat F',). 

It has been verified repeatedly that the target 
chromosomes of both binucleate and trinucleate 
pollen are effectively doubled. The similar 
ratios of chromatid/isochromatid breaks (pollen 
tubes) and fractional/entire losses (endosperm 
unequivocally demonstrate the reduced ability 
of ultraviolet relative to ionizing irradiation to 
produce isochromatid breaks (which result in 
entire endosperm losses). These ratios are 
comparable for u.v., spontaneous and chemi- 
cally-induced mutations, while all ionizing 
radiations produce the high proportion of 
isochromatid breaks characteristic of X-irradia- 
tion. 

It has been calculated here (Section VI A 3 
that the relative frequencies of chromatid 
isochromatid breaks greatly influence the pro- 
portion of exchanges which are “‘deficiency- 
exchanges”. Thus, for maize, it is calculated 
that half of the u.v.-induced exchanges will 
involve deficiencies as a consequence of the 
participation of chromatid breaks in exchanges. 
It is clear that such deficiency translocations 
survive readily only in polyploids such as wheat, 
and their loss (inviability) in diploids could 
account for many of the observed differences in 
exchange rates of u.v. and X-ray treatments. In 
addition, there is some evidence to support the 
contention that isochromatid breaks, which 
dislocate prominently in the absence of sister 
unions (Section III A) are free to participate in 
exchange-forming unions much fre- 
quently than are chromatid breaks. 

It has been suggested that u.v.-induced 
breaks undergo fewer reunions than do X-ray 
breaks because of an intrinsic inability of the 
u.v.-broken ends to rejoin (as of alpha-particle 
breaks). Data directly supporting this conten- 
tion appear in one study of Tradescantia, in 
which sister unions were less frequent in u.v.- 
induced isochromatid breaks (55 per cent) than 
they were among X-ray-induced breaks (80 per 
cent). Extensive data evidently contradicting 
this appear in maize endosperm research, in 
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which breakage-fusion-bridge cycles occurred 
with proportionately the same ease following 
u.v. treatments as following X-ray treatments. 
The relatively high proportions of observed 
u.v.-induced aberrations which require rejoining 
(interstitial deficiencies, breakage-fusion-bridges, 
exchanges) also suggest that u.v. breaks are 
fully capable of reunion. 

The frequencies of terminal deletions provide 
some conflicting evidence for the rejoinability 
arguments. Maize endosperm data _ indicate 
comparable rarity or absence of terminal 
deficiencies with u.v. and X-ray treatments; 
more or less comparable u.v. and X-ray- 
included rates of terminal deletions have been 
observed in tomato and wheat Fs; no terminal 
deletions occurred (or survived) from u.v. 
irradiated ring chromosomes in maize, while 
interstitials were recovered with ease; however, 
a slight increase of terminal deletions from u.v. 
vs. X-ray treatments has been construed from 
other maize F, studies; other cytological studies 
do not permit unequivocal distinction between 
terminal and interstitial losses. It is probable 
that the slightly enhanced frequencies of 
terminal deletions following u.v. treatments can 
be attributed to a_ physical limitation on 
rejoining of chromatid breaks (Section VI A 3). 
Both the unbroken chromatid and the densely- 
packed sperm or generative nucleus conspire to 
restrict separation of broken chromatid arms 
verifiable cytologically at pollen-tube meta- 
phase) which could restrict greatly the oppor- 
tunity for inter-arm rejoining to produce 
interstitial chromatid deficiencies. 

The probability arises that closely-spaced 
breaks in the same arm are more likely to 
reunite, forming minute deletions, when the 
breaks are of the chromatid-type than when 
they are isochromatid breaks. ‘The unbroken 
chromatid holds broken ends in close proximity, 
while isochromatid breaks dislocate and might 
be less likely to rejoin to form minute deletions. 
A mutagen which enhances chromatid-break 
frequencies, as ultraviolet light, might thus 
prove to be a better agent for the induction of 
minute deletions (‘‘mutations’’). 
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Abstract—Seeds of Triticum monococcum flavescens were soaked in *?P and '*'I solutions for 2 
days before sowing, to compare the radiation effects of beta-rays with those of gamma-rays. 
Radioactive solutions of pH 6-7 contained 0-05-0-8 mc/gr **P and 0-2-0-8 me/g !"I. For 
comparison, seeds soaked in water for 2 days were exposed to gamma-radiation with ®°Co at the 
dosages 2-5, 5, 10 and 20 kr. The growth of seedlings, height of mature plants, single-spike 
fertility, and chromosome aberrations of treated plants in X, and chlorophyll mutations in 
X, were compared for beta- and gamma-irradiation. ‘he results of the first experiments in 
1957/58 were generally confirmed by those obtained in 1958/59. 

The higher the dosage of beta- and gamma-rays, the more delayed were emergence and 
growth of seedlings and the lower were survival rate, height of mature plants, and fertility. 
The relation between the inhibition of seedling growth and dosage of beta- and gamma- 
radiations coincides roughly with that between the decrease of survival rate or fertility and 
dosage. There was no emergence of seedlings at 20 kr gamma-radiation and 0-8 mc/g **P 
beta-radiation. The effects of beta-radiation from 0-15—-0-2 mc/g *P and 0:8 me/g I 
solutions correspond roughly to those of 2-5 kr gamma-radiation. As to chromosome aberrations 
and chlorophyll mutations, the effects of 2-5 kr gamma-radiation coincide roughly with those 
of 0-1 mc/g **P and 0-6-0-8 mc/g '*I solution. If we assume that the effects of beta-radiation 
are confined only to the embryo, we find from calculation that the 0-2 mc/g *P solution 
equals about 2-4 krad. This will account for the present data. 


Résumé—Des graines de Triticum monococcum flavescens ont eét hydratées dans des solutions 
de *P et de !*'I pendant deux jours avant de les semer afin de comparer les effets des rayons 
béta a ceux des rayons gamma. Les solutions radioactives de pH 6-7 contenaient 0,05—0,8 mc/g 
de **P et 0,2-0,8 mc/g de !*I. En guise de comparaison, des graines hydratées pendant deux 
jours ont été exposées aux rayons gama du °°Co a des doses de 2,5 5, 10 et 20 kr. La croissance 
des plantules, la hauteur des plantes 4 maturité, la fécondité par épi et les aberrations chromo- 
somiques traitées en X, ainsi que les mutations chlorophylliennes en X, ont été comparées 
pour les rayons béta et gamma. Les résultats de ces premiéres expériences de 1957/1958 ont 
été généralement confirmés par ceux obtenus en 1958/1959. Plus les doses de rayons béta et 


gamma étaient élevées, plus apparition des plantules et leur croissance étaient retardées et 
plus bas étaient les taux de survie, la hauteur des plantes 4 maturité et leur fécondité. La 


relation entre inhibition de croissance des plantules et les doses de rayons béta ou gamma 


coincide approximativement avec la relation entre la décroissance des taux de survie ou de 
fécondité et ces doses. I] n’y avait aucune apparition de plantules a la dose de 20 kr de rayons 
gamma et de 0,8 mc/g de **P de rayons béta. Les effets de rayons béta de solution contenant, 
0,15 a 0,2 me/g de *P et 0,8 mc/g "I correspondent approximativement a ceux de 2,5 kr de 
rayons gamma. Concernant les aberrations chromosomiques et les mutations chlorophylliennes, 
les effets de 2,5 kr de rayons gamma coincident approximativement avec ceux de 0,1 mc/g de 
2P et 0,6-0,8 mc/g de 'I. Si l’on suppose que les effets des rayons béta sont limités a 
’embryon, on calcule que 0,2 mc/g de solutions de **P équivalent a environ 2.4 krad. Ceci 
rend compte des données actuelles. 


*Contributions from the National Institute of Genetics, Japan, No. 343. 
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RADIATION GENETICS IN WHEAT—VII 
Zusammenfassung—Um die Wirkung der Betastrahlen mit der der Gammastrahlen 
vergleichen zu ké6nnen wurde Samen von Triticum monococcum flavescens 2 ‘Tage lang vor der 
Ansaat in **P und !'*'I Lésungen eingewassert. Die radioaktiven Lésungen hatten ein pH von 
6-7 und enthielten 0,05-0,8 mc/g *P und 0,2-0,8 mc/g I. Zum Vergleich wurde Samen 
der 2 ‘Tage lang in reinem Wasser war mit 2,5, 5, 10 und 20 kr *°Co Gammastrahlen behandelt. 
Das Wachstum der Keimlinge, Héhe der reifen Pflanzen, Fruchtbarkeit der einzelnen Ahren 
und Chromosomenaberrationen in der X, sowie Chlorophyllmutationen in der X, Generation 
wurden auf Unterschiede zwischen Beta- und Gamma-bestrahlung verglichen. Das Resultat der 
in 1957/58 gefuhrten Experimente wurde durch das in 1958/59 Erhaltene in Prinzip bestatigy. 

Je héher die Dosis der Beta- und Gamma-strahlen desto mehr wurde die Keimung und das 
Wachstum verzégert, und desto niedriger war die Uberlebensrate, die Pflanzenhédhe und die 
Fruchtbarkeit. Die Beziehung zwischen Hemmung des Keimlingwachstums und der Dosis 
der Beta- und Gamma-strahlungen stimmt ungefahr mit der der Verminderung der Uber- 
lebensrate oder Fruchtbarkeit und Dosis uberein. Nach 20 kr Gammabestrahlung und -0,8 
mc/g **P Bestrahlung wurder keine Keimung gefunden. Die Effekte der Betabestrahlungen 
der Lésungen mit von 0,15 bis 0,2 mc/g **P und 0.8 mc/g !*'I sind denen der 2,5 kr Gamma- 
strahlen ahnlich. Die Chromosomenaberrationen und Chlorophyllmutationen nach 2,5 kr 
Gammabestrahlung sind ungefahr denen der 0,1 mc/gr und 0,6—0,8 mc/g Lésungen 
ahnlich. Falls wir annehmen dass die Effekte der Betabestrahlung nur auf den Embryo 
beschrankt sind, dann finden wir an Hand unserer Berechnung dass die 0,2 mc/g **P Lésung 
ungefahr 2,4 krad gleicht. Dies wiirde die hier berichteten Daten erklaren. 


_INTRODUCTION coccum has been the principal species used in all 
One of the simple methods used to induce of the experiments this series. 
Dormant seeds with approximately 12 per cent 
water content soaked in a **P (ortho- 
phosphate in dilute hydrochloric acid) or "I 
sodium iodide in sodium thiosulphate) solution 
for 2 days before sowing. Radioactive solutions 
of pH 6-7 contained 0-05—0-8 mc/g of and 
0-2-0-8 me g of in the first experiment in 
1957/58. The concentrations were increased to 
of 1] in 


For com- 


throughout 
mutational changes in plants by radiations is 
to soak the seeds in water solutions containing were 
radioactive isotopes. This is, however, accom- 
panied by difficulties in the measurement of 
given doses. 

The soaking experiments were performed by 
Konpo et al. in the National Institute of Genetics 
with dry seeds of Triticum monococcum flavescens 
14) Tt was found 


soaked in * P and !°!I solutions. 0-15-0-6 mc/g of 2P and 0-6 me/g 
that radioisotopes were mostly adsorbed on the the second experiment in 1958/59 
seed coats and that the radioisotope concentra- 


parison, seeds soaked in water for 2 days were 


tions inside the seeds were very low. The ob- exposed simultaneously to gamma-ray dosages 
of 2-5, 5, 10 and 20 kr at 4 different distances 
for 18 hr. For these irradiations, the cobalt 
facility at the National Institute of Genetics was 
used. The temperature during treatment with 
tthe and during their 


served abrupt increase in the absorbed amount 
of 8*P might indicate that the biological function 
of the seed coats changed within one to two 
days following soaking. 


In the present study seeds of 7. 


radioactive solutions 


flavescens were soaked in *P and solutions ;adiations was 21 

The treated seeds were sown in pots in 1957 
and in wooden boxes in 1958, and the seedlings 
were later planted in the experimental field. 
The examination of the first metaphase in 
PMC’s of X,-plants was carried out with the 
help of acetocarmine preparations. Also single- 


for 2 days before sowing, to compare the effects 
of beta-radiation with those of gamma-radiation. 
Growth of seedlings, single-spike fertility and 
chromosome aberrations in X,-plants and gene 
mutations found in the X, are compared for 


beta- and gamma-irradiations.“ 7?” 


MATERIALS AND METHODS 
A variety of Einkorn wheat, Triticum mono- 
coccum L. var. flavescens KOrn., with 14 somatic 
chromosomes was used in this study. 7. mono- 


spike fertility of X,-plants and frequency of 
induced mutations in the X,-generation were 
usually examined in three selfed spikes of each 


X,-plant. 
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EFFECTS ON SEEDLING EMERGENCE AND 
SEEDLING GROWTH 


In the first experiment in 1957/58, the treated 
seeds were sown in pots, where the conditions 
for germination were rather unfavourable. 
The length of seedlings and the number of 
leaves were recorded 18 days after sowing in the 
glasshouse. The data are shown in Table 1. 


S. MATSUMURA 


Table \. Effects of beta- and gamma-radiations on germination, seedling growth and fertility in the first experiment (1957/58) 
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The higher the dosage of beta- and gamma-rays, 
the more delayed were the growth and elonga- 
tion of the seedlings. 

Gamma-rays at 2-5 kr slightly inhibited the 
growth. Among twenty-one seedlings one was 
albina, which soon died, and another was a 
partly albo-striata plant (No. 244-1). There was 
no emergence at 20 kr. Gamma-irradiation 


Radiation kind No. of No. of seeds 
and dosage seeds germinated* 
sown (%) 
Control 50 19(38-0 


( 2:5 kr 50 21(42-0)+ 
5:0 kr 50 28(56.0 
y-rays 10-0 kr 50 8(16-0 
(20-0 kr 50 O¢ 0-0 


0.05 mce/g 50 26(52-0)t 

'0.1 me/g 50 27(54-0 
esp 0-2 me/g 50 38(76-0 

0-4 mc/g 50 24(48-0 


0-8 mc 0-0 


0-2 mc/g 25 17(68-0 
| 0-8 me/g 11(44-0 


Length of No. of Fertility 

seedlings leaves Survival in X, 
(cm (%) 

92-09 


13-46 19(] 


10-12 2-62 17(1) 4 83-17 
9-10 2-83 24 64-21 
211 2:29 + 43-32 


14-33 3-06 26(1)+ 84-97 
13-13 2-27 26 85-15 
12-70 2-83 37(4) 4 75-98 
797 2-60 20 68-39 


8 17 87-83 
l 82-50 


*Unfavourable conditions. 
+One was albina and another white-striped (No. 244-1). 


tOne seemed to be albina, but grew up to be white-striped (No. 248-1 


SHaploid. 
{White- and/or yellow-striped. 


at 10 kr strikingly inhibited the growth of 
seedlings. 

There was no marked difference in seedling 
growth between the beta-irradiated from 0-05 
0-1 mc/g *P solution and the untreated lots. 
Among twenty-six seedlings of 0-05 mc/g **P 
one seemed to be albina, but it became albo- 
striata (No. 248-1). The effects of beta- 
radiation from 0-2 or 0-4 me/g **P solution 


correspond roughly to those of gamma-radiation 
at 2:5 or 5 kr, respectively. Among thirty-seven 
surviving plants of 0-2 mc/g *P, four were 
partly striata (Nos. 250-1, —5, —8, -13). There 
was no emergence at 0-8 mc/g **P. 
Beta-irradiation from a 0-2 me/g I 
solution was not so effective as that from 0-05 


mc/g **P solution. Also the slight effects of 
0-8 mc/g I solution correspond roughly to 
those of 2:5 kr gamma-radiation and 0-2 me/g 
32P solution. 

In the second experiment in 1958/59 the 
concentrations of and solution were 
increased to 0-15-0-6 mc/g and 0-6 me/g, 
respectively. In general, germination of seeds 
was better, under more favourable conditions 
in wooden boxes in a glasshouse, than in the 
first experiment. Table 2 shows the data for 
seedling growth and length and fertility of 
mature plants in the second experiment. 

The length of seedlings was measured 2 and 
3 weeks after sowing. Fig. | shows the frequency 
distribution of seedling lengths. The distribution 
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Table 2. Effects of beta- and gamma-radiations on germination, seedling growth and fertility in the second experiment (1958/59) 


Length of seedlings Height of 
Radiation kind and dosage No. of | No. of seeds after sowing (cm) = Survival mature Fertility 
seeds germinated —— plants in X, 
sown (%) 2 weeks 3 weeks 


(% 


Control 50 49(98-0 8-06 “75 2s 95-26 89-22 
2-5k 50 47(94-0 25( 98-71 
y-rays- 5-0k 50 45(90-0 2-06 96-30 


0-15 me 50 48(96-0 6-72 -2! , 91-43 
32p 50 45(90-0 2-25 2-66 89-79 
3 


‘0-6 me 50 5(70-0 


1317 _0-6 mc/g 50 49(98-0 7°36 86 93-42 


*Yellow-striped (No. 206-14). 


CONTROL 


seedlings 


of 


No 


65 
mm 


Fic. 1. Frequency distribution of seedling lengths 2 weeks (black) and 3 weeks (white) 
after sowing: seeds treated with various doses of gamma- and beta-rays. 
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from 2-5 kr gamma-radiation is roughly in 
accord with that from 0-15 mc/g *P solution, 
giving a normal distribution of lengths around 
the mean. The higher the dosage of gamma- and 
beta-rays, the more distorted was the distribu- 
tion in the direction of lower fertility. In 5 and 
10 kr gamma-radiation it corresponds roughly 
to that of 0-3 and 0-6 mc/g **P solution. Seed- 
lings from 10 kr gamma-radiation and 0-6 mc/g 
32P died out in winter. The mode of distribution 


30 


@noou 


Fic. 2. Relation of fertility of single spikes in X, to 
different doses of gamma- and beta-rays in the first 
experiment (1958). 


Fertility % 


Fic. 3. Relation of fertility of single spikes in X, to 
different doses of gamma- and beta-rays in the second 
experiment (1959). 


of seedling lengths from 0-6 mc/g !!I solution 
is intermediate between control and 2:5 kr 
gamma-radiation or 0-15 mc/g **P solution. 

In the second experiment only one partly 
xantha-striata. plant was found from 2-5 kr 
gamma-irradiation (No. 206-14). 

In general, these findings confirm the results 
of the first experiment. 


EFFECTS ON FERTILITY OF X, PLANTS 

After maturity the number of survivals, 
height of plants and single-spike fertility from 
three spikes of each X,-plant were observed. 
The data are given in Tables | and 2. Also 
Figs. 2 and 3 show the relationship between 
fertility and gamma- and beta-radiation dosage 
in the first (1958) and the second experiment 
(1959). 

The higher the dosage of beta- and gamma- 
rays, the lower were the survival rate, height of 
mature plants and fertility. The relation between 
the inhibition of seedling growth and dosage 
coincides roughly with that between the 
decrease of fertility and dosage. 2:5 kr gamma- 
radiation slightly inhibited the number and the 
height of mature plants and reduced the 
fertility. Gamma-irradiation at 10 kr was 
markedly effective for the reduction of survival 
rate and fertility. 

There were no marked differences in fertility 
between beta-radiation from 0-05—0-1 me/g 


32P and 0-8 mc/g 11 solution and gamma- 
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Table 3. Effects of beta- and gamma-radiations on chromosome aberrations in PMC’ s* 


Vil 


Radiation kind No. of 
and dosage spikes 711 4 
observed 
Control 7\26 7\26 
19| 19) 


2-5 kr 


y-rays, 5-0 kr 53\78 
25) 12) 
10-0 kr 1] 6 
0-05 mc/g 5 54 
(or mc/g 74 73 
32p 0-15—-0-2 78\ 111 72\103 
33) 31 { 
0-3-0-4 mc/g 63)\84 58\74 
21| 16| 
0-2 mc/g 47 46 
mc/g 31)\79 31\78 
48| 47| 


No. of 
4+@) 8+ #4 Asy- chromosome 
4), nap- aberrations in 
-fr.f tic (%) 
0 0 0 0 0 0O( 0-0 


2\4 0 l 13)29(37-2) 
0) 2| 16| 
l l 2 l 0 0 10(90-9) 
4 0 0 0 0 0 4( 6-9) 
l 0 0 0 0 0 1( 1-4) 
68 0 6) 8( 7-2) 
2| 2| 
5\8 0 0\2 0 0 0 5) 12(14-3 
0 0 0 7| 
] 0 0 0 0 0 1( 2-1) 
1 0 0 0 0 0 0) 1( 1-3 


+Ring-shaped large fragment. 


radiation at 2-5 kr, as shown in Fig. 2. Beta- 
irradiation f-om 0-2 mc/gr !!I solution was less 
impairing fertility than the gamma- and beta- 
radiations. In Fig. 3 even the effects of 0-6 mc/gr 
131] correspond roughly to those of 2-5 kr gamma- 


radiation. The effect of beta-irradiation on 
fertility from 0-15 and 0-3 mc/gr **P was 
intermediate between 2:5 and 5 kr gamma- 


radiation 


EFFECTS ON CHROMOSOME ABERRATIONS IN 
1 


One to five (seldom six or seven 


*Italic letters show the frequency of spikes observed in the second experiment (1959). 


spikes of 


each X,-plant were used for observation of 


meiotic chromosomes in PMC’s. The majority 
of induced aberrations were 
)+5n, often or @®+4n and 
seldom 8 +3n, 4 +4n-+frag. or asynaptic 141. 

In the first experiment in 1958, the frequency 
of spikes with chromosome aberrations was 
strikingly high after gamma-irradiation, while 
it was comparatively low in the treatments with 
the ™] 


chromosome 


radioactive solutions, especially in 


treatments. The data are shown in Table 3. 
At 0-05 mc/g *P solution a high frequency of 
chromosome aberrations was found. This seems 


to be due to the occurrence of all four spikes 
with # +5 on the same plant. 

Italic letters in Table 3 show the frequency 
of chromosome aberrations in the second 
experiment (1959). The results were generally 


in accord with those of the first experiment. If 


the data of the first and second experiments are 
summed up, the of 2-5 kr gamma- 
radiation correspond roughly to those of 0-1 
me/g 32P and 0-2—0-6 mc/g solution. 


effects 


EFFECTS ON GENE MUTATIONS IN X, 
The frequency of induced mutations was 
investigated in the X,-generation obtained from 

three selfed spikes of each X,-plant. 
The frequency of spike progenies 
chlorophyll mutations (except striped) in the 


with 


X,-generation increased with the increase of 


beta- or gamma-radiation dosage. Table 4 
(Roman letters) shows the data for the first 
experiment (1958). The unexpectedly high 
frequency at 2-5 kr gamma-radiation must be 
due to the fact that in X,-plants a partly albo- 
striata plant (No. 244-1) was found, as men- 
tioned above, whose all five spikes obtained 


from its green as well as striped tillers gave 


| 160 — 
e 
41)85 40)\83 1,2 0 0 0 0 1) 2( 2-4 
196] 


similar offspring producing in X, vzrido-albina, 
albina and albo-striata without normal greens 
(Table 4). This case is recorded in the table as 
three separate aberrants, albina, virido-albina and 
striata from three green tillers of the X, 
(No. 244-1), and the mutation frequency was 
counted as two from one spike. If it is counted 
as one, the mutation rate reduces to 8-0 per cent 
from 14-0 per cent and coincides roughly with 
that of 0-8 mc/g ™I or 0-1 mc/g *P. Similar 
offspring with green (viridis?), albina and albo- 
striata was observed in X, from all three spikes 
of green tillers, originated from an X, albo- 
striata plant (No. 248-1) from 0-05 mc/g *P 
treatment. Among four sirtata X,-plants of 0-2 
mce/g ®*P, one (No. 250-5) had wide white and 
yellow stripes and the other three (Nos. 250-1, 
-8, —13) were white-striped. All three spikes 
from green tillers of No. 250—5 segregated green 
and yellow seedlings in X,, while one from a 
striped tiller gave only yellow seedlings, which 
soon died. From No. 250-8 with white stripes, 
all green seedlings were found from three spikes 
of green tillers and xantha segregated from a 
striped tiller. From three green and one striped 
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Table 4. Effects of beta- and gamma-radiations on chlorophyll mutations in X,* 
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tillers of No. 250-1, three spike progenies 
segregated albina. On the other hand, only green 
seedlings were observed in X, even from a striped 
tiller of No. 250-13. It is, therefore, concluded 
that white and yellow stripes are due to plastid 
mutation and show cytoplasmic inheritance. 
This conclusion was also confirmed from the 
crossing experiments, of which a fuller account 
will be given elsewhere. 

The data of the second experiment (1959) are 
given in italic letters of Table 4. They are 
generally in accord with the results of the first 
experiment (1958). At 2-5 kr gamma-irradiation 
all three spikes from the green tillers of one 
yellow-striped X, (No. 206-14) gave only green 
offspring in the X,. At 5 kr gamma-irradiation 
one X,-spike segregated three green, two 
virido-albina and three albina. It is counted as 
two mutations in the table. 

According to the data of 1958 and 1959, 
summed up in Table 4, the effects on chlorophyll 
mutations of 2-5 and 5 kr gamma-irradiation 
correspond roughly to those of 0-1 mc/g **P 
or 0-6-0-8 mc/g I and 0-3-0-4 mc/g 
solution, respectively. 


Radiation kind No. of albina xantha, 
and dosage spikes yellow 
observed 


Control 15 0 0 


2:5 ke 50)110 3(1)+ 0 
y-rays- 5-0 kr 63) 83 | 6(3)t\8(5)-1(1) 
20; 2(2) | 
{10-0 kr 7 2(1) 0 


0-05 me/g 77 4 
me/g 75 | 3(1) 
sep 0-15 0-2 me/g 108)153 | 5(3)\12(7) | 4(2)F 
45; 7(4)j 
{0-3 0-4 me/g 53) 73 | 4(3 0 


0-2 mce/g 51 0 0 
mc/g 31| 0 2(1) 
62| 3(1)t | 


No. of 
chlorophyll 
mutations 


in (%) 


viridis basi-viridis, albo- striata 
virido-albina — viridis 


0-0) 


4(2)+ 0 3(1)+ 7\ 9( 8-2) 
2| 

3(1)F\4(2) 1(1 2(2 11\14(16-9) 
| 3) 

0 0 0 2(28-6 


4( 5-2) 

0 0 0 3( 4-0) 

0 0 1(1)\3(2) | 10\17(11-1) 
2(1)| 7| 

1)F\4(2) | O 0 1(1)|2(2) | 7\ 8(11-0) 
(1) 


0 O( 0-0) 
2\ 6( 6-5) 
4| 


Striped not included. 
( )Number of X,-plants, which gave the aberrants. 


E 


*Italic letters show the frequency of spikes observed in the second experiment (1959). 
tAll 3 spike progenies from one X,-plant showed the same aberrant. 
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As shown in Table 4, basi-viridis, virtdo-albina 
were observed as_ recessive 
in the X,-generation from 
bicoloured 


and albo-viridis 


segregants mostly 


gamma-irradiated plants. These 


chlorophyll mutants have different colours at 
the base and the tip of the leaf-blade and have 
the ability to recover the cholorophyll content. 
(21) They are quite different from uniformly 


coloured mutants which have no_ recovery 


ability, such as albina, xantha, chlorina and 


viridis, which segregated in the offspring of 


gamma- and beta-irradiated seeds. 

Besides the chlorophyll mutations dwarfing, 
late maturity, spiral culms, awnlessness, reduced 
spikes (Fig. 4 

Fig. 5). Some of the dwarfs had a high mortality 
and either did not grow up to heading or were 


and rootlessness were observed 


partly sterile. The mutant rootless which had 
scanty hairless roots and died in the seedling 
stage appeared in the offspring of No. 244-1 
white-striped) after 2-5 kr gamma-irradiation 
in 1958. Another mutant 
spike, was found in four plants of five normal 


character, reduced 


green segregants in X, of No. 250-5 with wide 
white and yellow stripes. 

These mutants behaved mostly like simple 
Mendelian recessives. Exceptional segregations 
were seldom observed, such as in the offspring 
of No. 244-1 and from a spike of No. 245-14 
> kr 


recessive albo-viridis. 


gamma-radiation) which gave only 
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Table 5. Relation between single-spike fertility in X, and spike progenies with mutants or haploids in X, 


Table 5 shows the relationship between the 
fertility of single spikes in X, and the frequency 
of spike progenies with induced mutations and 
haploids in the first and second experiments 

1958 and 1959). There was no correlation, as 
reported already in the fifth report of this 
(19) 


series. 
Moreover, in seventeen of all 775 X,-spike 
progenies one or two haploids were observed. 


The frequency of spike progenies with haploids 
seemed to be not due to the kind of irradiation; 
neither was it connected with the fertility of 
X,-spikes, but the radiation 


dosage. 


depended on 


DISCUSSION 


Gites reported first the use of **P as the 


internal source of radiation and detected many 


chromosome aberrations in Tradescantia micro- 
spores.“ Next year ARNASON and his co-workers 
reported on the effects of radiophosphorus as 
mutagen in wheat and barley.“:?) They treated 
the seeds with 0-018—-18 uc/seed #P solution for 
13 days. The **P concentration was determined 
as 0-00065-0-65 rd by Spinks. Germination 
was completely arrested or inhibited in 
all seeds if the 32P concentration was 0-65 rd 
or higher, 0-065 rd proved lethal to many, 
while a concentration of 0-0065 rd had in 
wheat scarcely discernible effects on germina- 
aberrations. 


rice seeds for 2 


chromosome 
soaked 


tion, growth and 
Masima and Kawal 


Fertility 


No. of spikes 


Albina l 3 ] 


Striata 3 
Other chlorophyll 

mutants 2 ] ] 
Remaining mutants l l ] 
Haploid 
Total l 3 5 6 


(Except haploids) 


+ 2 4 7 + 10 36 
2 l 2 3 l 2 15 
2 12 27 
l ] 2 2 2 2 13 

2 2 l + 8 17 
9 + 10 15 19 19 9] 
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weeks in **P solution with the radioactivity of 
2-5—40 uc/seed, to test the mutagenic effect of 
radiophosphorus and to examine the _possi- 
bilities of breeding useful mutants by artificial 
irradiation methods.“® But in these cases it 
was very difficult to measure the beta-radiation 
dosage from absorbed **P in embryo or seedling. 

EHRENBERG, [THOMPSON and their co-workers 
studied the lethality of seedlings and mature 
plants, chromosome disturbances and chloro- 
phyll mutations caused by *P in seeds of barley 
and wheat.?# 32P was supplied as phosphate 
ions by soaking the seeds for 4 days with 
0-625-10 uc/seed and the amount of *P 
absorbed was calculated as 0.3—2.0 uc/seed. 
According to EHRENBERG and his co-workers 
cytological disturbances after treatments with 
5-10 uc/seed were unusually frequent, 
corresponding to effects of 25 kr or more.) 
In the experiment of ‘THompson and _his 
co-workers 19-5 kr was required in order to 
assure the same mutation rate as luc of =P. 
Consequently they state that **P is more effective 
than are X-rays and less effective than neutrons, 
probably because **P is localized in certain cells 
or cell groups, whereas the X-ray energy is 
scattered uniformly to all cells of the irradiated 
embryo. 

Because the measurement of given dosages 
from **P absorbed in seeds was very difficult, 
seeds of 7. monococcum were soaked for 2 days 
in our experiment. In this case the radio- 


phosphorus was mostly adsorbed on the seed 


coats, as mentioned above.“ 

As to seedling emergence and seedling growth 
in the first and second experiments, the effects 
of beta-radiation from 0-15-0-2 mc/g and 
0-8 me/g }!I solution correspond roughly to 
those of 2-5 kr gamma-radiation. Theoretical 
calculations of beta-radiation dosage from *?P 
and !8!] adsorbed on the seed coats were done by 
Kondo. If we assume that the effects of beta- 
radiation are confined only to the embryo, we 
find that the 0-2 mc/g **P solution equals about 
2-4 krad. This will well account for the present 
data. 

When the seeds were subjected to a dose of 
gamma-rays sufficient to reduce considerably 
seedling growth, they were not uniformly injured 
and the distribution of seedling lengths around 


the mean was skewed. But seedlings from seeds 
treated with any dose of neutrons, irrespective 
of the reduction in growth resulting from the 
treatment, were uniformly injured, giving a 
normal distribution of lengths around the 
mean. *!8) As expected, the modes of distri- 
bution of seedling lengths in beta-radiations 
from **P and |!I solution were in good accord 
with those of gamma-radiations (Fig. 1). 

Gamma-radiation at 2-5 kr was more or less 
effective for reduction of fertility than beta- 
radiation from 0-6—-0-8 mc/g ™I or 0-1 me/g 
32P solution. For chromosome aberrations and 
chlorophyll mutations, again the effects of 
2:5 kr gamma-radiation coincide roughly with 
those of 0-1 me/g and 0-6-0-8 
beta-radiation. 

Average weight of dry seeds in our experi- 
ments was about 0-03 g/seed. Concerning *?P 
concentration, therefore, 0-1 me/g_ solution 
corresponds roughly to 3 wc/seed. The results of 
chromosome aberration by Ehrenberg ef al., 
that the treatments with 5-10 uc/seed for 4 
days corresponded to the effects of 25 kr or more 
namely 1-2 yuc/seed **P: 5 kr or more) are 
roughly in good accord with our estimations 
showing that the effects of 0-1 me/g (3 uc/seed 
32P solution for 2 days corresponded to those of 
2-5 kr gamma-radiation. 

It is very difficult to explain the appearance 
of albina in the treated X,-generation at 2-5 kr 
gamma-radiation and 0-05 mc/g beta- 
radiation in the first experiment. But it might 
be assumed that the albina seedlings represent 
an extreme type of albo-striata, because they 
appeared always in the X, offspring in which 
partly striata seedlings were found (No. 244-1 
& No. 248-1), and one albina seedling at 
0-05 mc/g **P grew up to be a partly albo-striata 
plant (No. 248-1). Further investigation must 
be awaited. 

Mackey and EHRENBERG and his co-workers 
reported a difference of the chlorophyl!! mutation 
spectrum between radiation and chemical 
mutagen treatments,“ while CALDEcoTT, 
MackKey, Marsuo and others could not find 
any significant difference between X-ray and 
neutron treatments.) 22) Also EHRENBERG and 
his co-workers found a small difference between 
X-ray or neutron and **P treatments,‘® while 
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find a clear difference.“ 


MacKey could not 

As shown in Table 4, there seems to be a 
difference in the mutation spectrum between 
gamma- and beta-radiation regarding the 
occurrence of bicoloured seedlings. 

Haploid plants seem to have been induced in 
some of X, spike progenies, as shown in Table 5. 
In Triticum monococcum var. vulgare spontaneous 
occurrence of haploids was often reported,@” 
but was not yet for var. flavescens. KATAYAMA, 
KiHARA and YAMASHITA and SMITH reported 
the occurrence of haploids in 7. monococcum after 
X-irradiation of pollen.“! 13.2% As to the cause of 
induction of haploids in the X,-generation 
further investigations must be carried out. 
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CHROMOSOME ABERRATIONS, CHANGES IN DNA CONTENT 
AND FREQUENCY AND SPECTRUM OF MUTATIONS INDUCED 


BY X-RAYS AND NEUTRONS IN POLYPLOIDS 


S. BHASKARAN and M. S. SWAMINATHAN 


Indian Agricultural Research Institute, New Delhi, India 
(Received 20 March 1961) 


Abstract—A study of the relationship between polyploidy and radiation sensitivity was 
carried out in diploid, tetraploid and hexaploid species of wheat and in diploid and auto- 
tetraploid barley using X-rays and fast and thermal neutrons as radiation sources. Survival, 
frequency of chromosome aberrations, DNA content of nuclei, seed fertility and frequency of 
mutations in the second and third generations were used as indices of radiosensitivity. Survival 
was better in 4x barley in comparison with the diploid in X-ray treatments, while an increase 
in radiation resistance with an increase in chromosome number was evident in the wheat 
series with fast neutrons. Data on the frequency of chromosome aberrations and reduction 
in DNA content observed in root-tip nuclei indicated a possible interaction between polyploidy 
and the LET of the radiation employed. Seed fertility was less affected in polyploids than in 
diploids. The frequency of chlorophyll mutations decreased with increasing ploidy in both 
wheat and barley while the frequency of viable mutations registered the opposite trend in wheat. 
Recessive mutations could be detected in 4x barley only in the M, generation. The relative 
proportion of chlorophyll and morphological mutations observed in 4x barley during the M, 
generation was similar to that found in 6x wheat in M, and My, generations. Though a high 
frequency of viable mutations was observed in 6x wheat, the spectrum of the induced variation 
was very narrow thereby indicating that this species is a functional diploid only for a few loci. 


Résumé— Une étude de la relation entre polyploidie et radiosensibilité a été effectuée chez 
les espéces de blé diploides, tétraploides et hexaploides ainsi que chez l’orge diploide et auto 
tétraploide en utilisant les rayons X et les neutrons rapides et thermiques comme source de 
rayonnement. La survie, la fréquence des aberrations chromosomiques, le contenu des noyaux 
en ADN, la fécondité des graines ainsi que la fréquence des mutations en seconde et troisiéme 
générations ont été utilis¢és comme index de radiosensibilité. La survie était supérieure pour 
l’orge 4x par rapport au diploide a la suite de traitement par les rayons X de méme qu’un 
accroissement de radiorésistance avec le nombre de chromosomes était évident dans la série des 
blés traités par les neutrons rapides. Des données sur la fréquence des aberrations chromo- 
somiques, une réduction du contenu en ADN observée dans les noyaux des méristémes 
radiculaires indiquaient une interaction possible entre la polyploidie et la LET du rayonne- 
ment utilisé. La fécondité des graines était moins affectée chez les polyploides quech ez les 
diploides. La fréquence des mutations chlorophylliennes décroissait lorsque la ploidie était 
accrue a la fois chez le blé et chez l’orge alors que la fréquence des mutations viables présentait 
une tendance opposée chez le blé. Des mutations récessives ont pu étre détectée chez l’orge 
uniquement au cours de la génération M,. La proportion relative de mutations chloro- 
phylliennes et morphologiques observées chez les orges 4x pendant la génération M, était 
semblable a celle trouvée chez le blé 6x au cours des générations M, et M;. Quoiqu’une 
fréquence élevée de mutations viables était observée chez le blé 6x, le spectre de variations 
induites était trés étroit idiquant ainsi que cette espéce est fonctionnellement diploide pour 


un petit nombre de loci seulement. 


Zusammenfassung——Die Bezichung zwischen der Polyploidie und der Strahlungsemp- 
findlichkeit wurde in diploiden, tetraploiden und hexaploiden Weizenarten und diploiden und 
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autotetraploiden Gerstearten untersucht unter Anwendung von Réntgenstrahlen und schnellen 


und thermischen Neutronen als Strahlungsquellen. Uberleben, Haufigkeit der Chromosomen- 
aberrationen, DNS Inhalt der Kerne, Saatfruchtbarkeit und Haufigkeit der Mutationen in 
der zweiten und dritten Generation wurden als Anzeiger der Strahlungsempfindlichkeit 
genommen. Nach Réntgenbestrahlung war das Uberleben grésser in der 4x Gerste als in der 
Diploiden, wahrend hoéherer Strahlungswiderstand mit grésserer Chromosomenanzahl des 
mit Neutronen behandelten Weizens gefunden wurde. Daten iiber Haufigkeit der Chromo- 
somenaberrationen und Verminderung des DNS Inhaltes in Wurzelspitzenkernen deuten die 
Moglichkeit der Wechselwirkung zwischen der Polyploidie und des LET der benitzten 
Strahlung. Saatfruchtbarkeit war weniger beeintrachtigt in den polyploiden als in den 
diploiden Pflanzen. Die Anzahl der Chlorophyllmutationen war geringer je héher die Poly- 
ploidie in Weizen und Gerste aber die Anzahl der keimfahigen Mutante zeigte gegeniiber- 
stehende Beziehungen im Weizen. Rezessive Mutationen konnten in der 4x Gerste nur in der 
M, Generation gefunden werden. Das relative Verhaltniss zwischen Chlorophyll- und 
morphologischen Mutationen der 4x Gerste das in der M, Generation gefunden wurde war 
dem im 6x Weizen in den M, und M, Generationen Gefundenen ahnlich. Obwohl eine grosse 
Anzahl von keimfahigen Mutationen im 6x Weizen beobachtet wurde, war das Spektrum 
der induzierten Abanderrungen sehr eng. Dies deutet an, dass diese Art fiir nur wenige Loci 


eine funktionelle Diploide ist. 


INTRODUCTION 


RESEARCH on the relationship between poly- 
ploidy and radiosensitivity carried out so far has 


shown that, in general, increasing degrees of 


ploidy are accompanied by increasing radio- 
resistance.(!3: 37,39, 41,45) Such research is of much 
applied interest in both plants and animals. 
Several important crop plants like bread wheat, 
Upland cotton, tobacco, potato, peanut and 
sugarcane are polyploids and opinion on the 
utility of the mutation breeding technique in 
such plants has been conflicting.¢**+3% In 
animal cells, the polyploidy-radiosensitivity 
relationship has important implications with 
regard to cancer therapy. Recent studies have 
indicated that though numerical variation at the 
chromosome level need not necessarily precede 
the malignant change, polyploid chromosome 
constitutions may confer some advantage on the 
cancer cells for tumour progression.@ REvEsz 
and Norman) have shown that a difference 
exists between the radiosensitivity of tumour cell 
populations of common origin but differing in 
ploidy. Changes in DNA content of nuclei have 
been observed to occur concurrently with the 
development of resistance to radiation in 
human uterine tumours.) It is, thus, possible 
that selection of polyploid cells in the course of 
radiation treatment may contribute to the 
development of resistance to radiation in animal 
and human neoplasms. 


Considerable differences exist among poly- 
ploid plants with regard to both the extent and 
nature of ploidy. Most studies on the relation- 
ship between polyploidy and radiosensitivity in 
plants have been carried out in naturally 
occurring polyploids. The results of different 
workers in which radiation sensitivity of cells of 
polyploid plants has been found to be equal to, 
greater or less than comparable diploids have 
been attributed by Concer and JOoHNsTON ® to 
intrinsic differences in species sensitivity rather 
than to the effect of polyploidy itself. Swamr- 
NATHAN and NATARAJAN?) observed that the 
linear energy transfer (LET) of the radiation 
employed may also influence the results in such 
studies. The present study was undertaken in 
an allopolyploid (diploid, tetraploid and hexa- 
ploid species of Triticum) and an autopolyploid 
(diploid and autotetraploid barley) series. 
Different dosages of X-rays and fast and 
thermal neutrons were used and data on 
germination, growth and survival, frequency of 
chromosome aberrations in root-tips, changes 
in DNA content in root meristems, pollen and 
seed fertility of M, plants and types and 
frequency of chlorophyll and viable mutations 
in M, and M, generations, were recorded. The 
data have been presented in detail elsewhere 
and further results along with a summary of the 
earlier data are given in this account. 
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MATERIAL AND METHOD 
Dry seeds, with an embryo moisture content 
10 per cent, of Triticum monococcum var. 
14), JT. dicoccum var. 
Khapli (2n=28), 7. aestivum var. C.591 
2n=42) and diploid (2n=14) and colchicine- 
induced autotetraploid (2n=28) Hordeum vulgare 
var. N.P.13 were used for irradiation. A Philips 
X-ray machine was operated at 50 kV without 
filter, delivering about 2200 r per minute at 
15 cms from the target. Treatment with fast 
neutrons was carried out at the cascade genera- 
tor of the Tata Institute of Fundamental 
Research, Bombay, using the flux 10°nf/cm?/sec. 
over a 2n solid angle. For thermal neutron 
irradiat on, seeds were exposed for 41 minutes 
in the thermal column of the ‘“‘Apsara”’ reactor 
of the Department of Atomic Energy, Trombay, 
at the flux 810° nth/cm*/sec. Chromosome 
aberrations in root-tip cells were scored using 
the technique of Wotrr and 
DNA content was measured in nuclei subjected 
microspectro- 


of about 
Japanese Early (2n 


to Feulgen staining using a 
photometer constructed on the two wave-length 


principle of Parau@”? and 


EXPERIMENTAL RESULTS 


1. Germination and survival 


Data on germination and survival were 


CHROMOSOME ABERRATIONS, 


Table 1. Percentage of survival of 14-day old seedlings in wheat and barley 


CHANGES IN DNA CONTENT 


recorded in 2x, 4x and 6x wheats and 2x and 
4x barley irradiated with ten different doses of 
X-rays ranging from 5000 r to 50,000 r and 
three doses of fast neutrons (3, 5 and 6 hr 
exposure at the flux mentioned earlier). The 
data are given in Table 1. Root development 
was completely inhibited at 40,000 r and above 
of X-rays in all the material. Diploid wheat 
was affected more but there was no prominent 
difference between 4x and 6x wheat species with 
regard to survival in the X-ray treatments. With 
fast neutrons, however, the hexaploid was much 
less sensitive than the others. Thus, in the 6 hr 
treatment, the percentage of survival was 96, 
48, and 20 in 6x, 4x and 2x wheats respectively. 
In the barley series, the autotetraploid showed 
better survival at the higher doses of X-rays. 
Critical data could not be obtained as regards 
survival of 2x and 4x barley irradiated with fast 
neutrons due to erratic germination. 


2. Frequency of chromosome aberrations 

For scoring chromosome aberrations, root- 
tips were fixed immediately after the germina- 
tion of seeds as well as 24 and 48 hr later. 
The aberrations commonly observed were 
chromosome breaks, minute deletions, dicentrics, 
rings and intercalary exchanges. Chromatid 
breaks did not occur. The frequency of aberra- 


Radiation and 
dose 


Wheat 


Fast Neutrons 
3 hr 76 92 
5 hr 28 48 
6 hr 


Barley 
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Table 2. Mean number ( +S.E.) of chromosome breaks per cell in fixations made immediately after germination 


Wheat 


Radiation and 
dose 
X-rays 
5 kr 0-62 +0-13 
10 kr + 0- 0-79 40-16 
15 kr 56 + 0-1: 0-86 4 
20 kr } 1-05 + 
25 kr 1-59 4 


Fast Neutrons 
3 hr 
5 hr 
6 hr 


0-96 4 
1-00 
‘78 4 
35 +. 
2-96 4 


4 
98 
3-76 4 


tions registered a rise with an increase in dosage 
(Table 2). Owing to chromosome stickiness, the 
aberration frequency could not be critically 
estimated in X-ray doses above 25,000 r. At all 
doses of X-rays and fast neutrons, the frequency 
of chromosome aberrations per cell was highest 
in 6x wheat and least in 2x wheat. The number 
of breaks per cell in 4x barley was nearly twice 
that found in 2x barley. As compared to 2x 
and 4x wheat, 2x and 4x barley had more 
chromosome aberrations per cell in all X-ray 
doses but less in the higher fast neutron doses. 
In fixations made 24 and 48 hr after germination, 
the aberration frequency was less than that 
observed in the fixations made immediately 
after germination, probably as a result of cell 


selection. The trend as regards the frequency of 


aberrations was, however, the same in these 
fixations. The mean number of breaks per 100 u 
of chromosome length was calculated in all the 
species for X-ray and fast neutron treatments 


and the data relating to the frequency of 


aberrations observed in the immediate fixations 
are represented in Fig. |. In 2x, 4x and 6x wheat 
species the total chromosome length of the 
complement varies in the ratio 1-0: 1-6 : 2-0 
and not as 1-0 : 2:0 : 3-0 as may seem from the 
chromosome number relationship.“ The 
data in Fig. | hence provide a basis for com- 
paring the chromosomal radiosensitivity of the 
different species. Statistical analysis of the data 
revealed that all the three species of wheat were 


identically sensitive to X-rays up to 25,000 r. 
With fast neutrons, however, 6x wheat was 
significantly more sensitive than 4x and 2x 
wheats, both of which had an identical number 
of breaks per unit chromosome length. Diploid 
and autotetraploid barley had nearly identical 
number of aberrations per unit length of chromo- 
some in both X-ray and fast neutron treatments. 
When the number of breaks per unit length of 
chromosome is considered, 2x and 4x barley 
appear to be relatively more sensitive to both 
X-rays and fast neutrons than 2x and 4x wheat 
(Fig. 1). 


3. Changes in DNA content 

The DNA content of individual nuclei at 
resting and dividing stages was measured in the 
root meristem in both control and irradiated 
(11,000 r of X-rays and one dose of thermal 
neutrons) 2x, 4x and 6x wheats and 2x and 4x 
barley. The DNA content of nuclei in 4x barley 
was twice that found in 2x barley. In 2x, 4x and 
6x wheat species, on the other hand, the DNA 
content varied in the ratio | : 1-45 : 1-92. There 
is, thus, a close agreement between the pro- 
portions of DNA content and total chromosome 
length in the three Triticum species, thereby 
suggesting that the chromosomes of these species 
may have the same number of microfibrils.” 
DNA measurements were carried out in the 
irradiated material in Feulgen preparations 
made from fixations done 24, 48 and 96 hr after 
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Barley 

6x 2x 4x 
‘ 

0-95 £0-17 0-49 0-14 

1-00 +0-19 0-52 40-13 0-14 

1-05 +0-21 0-89 +0-13 0-16 

1-54 +0-31 1-23 40-12 0-13 

2-93 + 0-39 1-52 0-15 0-13 

1-14 +0-02 2-00 + 0-03 4-25 +0-04 1-29 0-16 0-14 

2-46 +0-09 3-43 7-26 1-72 +.0-09 0-13 

3-27 + 0-20 5-23 40-13 10-32 + 0-09 1-96 + 0-16 0-23 

. 
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100 CHROMOSOME 


NUMBER OF BREAKS PER 
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CHROMOSOME ABERRATIONS, CHANGES IN DNA CONTENT 


BB 
TETRAPLOID 


HEXAPLOID 


xX RAYS FAST NEUTRONS 


Fic. I. 


germination. While the average DNA content 
of nuclei was lower in the irradiated material 
in the immediate fixations (X, and X, cells) the 
values tended to approach that of the control 
in material fixed later. The range in DNA values 
was much wider in the irradiated material in 
comparison with the control; some nuclei 
showed more than 50 per cent reduction in 
DNA content. The data are summarized in 
Table 3. It is seen from the data that with an 
increase in ploidy the reduction in DNA con- 
tent was greater both in X-ray and thermal 
neutron treatments. Diploid wheat showed the 
least reduction in DNA at all stages of analysis. 
Hexaploid wheat showed the maximum reduc- 
tion and the tetraploid was intermediate between 


2x and 4x barley treated with different dosages of X-rays and fast neutrons. 


Frequency of chromosome aberrations observed in 2x, +x and 6x wheats and 


the diploid and hexaploid. This trend was seen 
both at the resting and dividing stages. 

The percentage reduction in DNA content in 
2x and 4x barley showed no significant difference 
in the case of X-ray treatment. With thermal 
neutrons, however, 4x barley was significantly 
more sensitive. A greater reduction in DNA 
content was also observed in dividing X, nuclei 
in comparison with those at the resting stage. 


4. Seed fertility in M, plants 

Seed fertility was studied in control and M, 
plants, taking three spikes per plant and several 
plants per treatment. The data are given in 
Table 4. Both in X-ray and neutron treatments, 
seed fertility was least affected in 6x wheat. The 
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Table 3. DNA content in the root-tip nuclei of control and irradiated 2x, 4x and 6x wheats and 2x and 4x barley 


DNA Content in arbitrary units 


Resting nucleus 
Material Treatment 
No. of 
meas- Range Mean 
ure- 
ments 


T. mono- 

coccum X-rays (11 Kr 25 
Thermal 

neutrons 26 


Control 
X-rays Kr 


Thermal 


du occum 


neutrons 


Control 
X-rays (11 Kr 


Thermal 


T. aestivum 


neutrons 


H. vulgare Control 
2x X-rays (11 Kr 
Thermal 
neutrons 


H. vulgare Control 56 “6: 10-284 

tx X-rays (11 Kr | 6-65-11:73 8-764 
Thermal 

neutrons 26 “4! 7-68 + 


Control 106 | 3: 0-025 
0-387 39 5-6: 0-289 


Percent 
reduction 
Dividing nucleus 


Rest- Divid- 
meas- Range Mean + S.E. ing ing 
ure- 
ments 


89 6-16 0-053 


» + 0-094 2 0-066 


0-044 9-11 0-068 
0-099 ‘13 0-097 


0-042 26 “32 0-013 


0-140 3: ‘60-14-56 0-163 
0-148 15-06 0-621 


+0-125 26 7 -55 +0-069 


0-198 y 10-41 0-098 
+ 0-065 46 8-99 + 0-106 


0-108 2 5-89-12-02 8-06 +-0-313 


22-68 20-18 + 0-108 
18-93 16-17 +-0-063 3-8! 19-86 


14-28 13-13 +0-096 25:26 34-96 


average seed fertility of M, plants was signifi- 
cantly lower in 2x and 4x wheats as compared 
to the untreated controls. In the case of barley, 


the unirradiated autotetraploid had a lower 


seed fertility than the normal diploid. Following 
irradiation, the seed fertility was further reduced 
in 4x barley. Study of meiosis in microsporocytes 
revealed that in 4x barley exposed to thermal 
and fast neutrons, hexavalents and octavalents 
occurred while only quadrivalents were found 
in the unirradiated tetraploid plants. Seed 
fertility was in general lower during the 1959-60 
season in comparison with the 1958-59 season 
(Table 4), probably due to less favourable 
environmental conditions. 


5. Frequency and spectrum of mutations observed in 
the M, generation 

Seeds from two to three first formed tillers of 
each M, plant were collected separately and 
were sown in the field during the succeeding 
year. The different M, families thus raised were 
carefully screened for all phenotypically detect- 
able mutations. 

The frequency of induced mutations was 
calculated both as the percentage of M, 
families segregating for mutations and as the 
percentage of mutations per M, plant progeny 
(Table 5). The frequency of chlorophyll and 
viable mutations observed in the different 
species is shown in Fig. 2. The relative proportion 
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Table 4. Seed fertility in control and M, plants of wheat and barley 


No. of Seeds per Spikelet °%) Increase 
Material Treatment proge- - or decrease 
nies Range Mean + S.E. over control 
Year—1958—59 
T. monococcum Control 6 0-61—0-82 0-73 + 0-108 
X-rays 11 kr 18 0-43--0-88 0-75 +0-083 + 2-7 
16 kr 18 0-47—-0-82 0-65 + 0-026 10-96 
T. dicoccum Control 2-15-2-66 2-40 0-239 
X-rays 11 kr 74 1 -72-2-66 2-28 +0-237 5-0 
Thermal neutron 41 1 -50—2-52 2-13 40-049 11-25 
T. aestivum Control 10 2-85-3-55 3-24 + 0-066 
X-rays 11 kr 72 2:49-4:88 3-81 +0-181 + 19-4 
‘Thermal neutron 24 2-43-3-96 3-20 +0-075 1:3 
H. vulgare (2x) Control 9 2-48-2-95 2-73 +0-141 
‘Thermal neutrons 64 1 -53-2-93 2-41 + 0-046 11-8 
H. vulgare (4x Control 8 1-95-2-76 2-23 +0-107 
Thermal neutrons 24 0-78-2-16 1-84 -0-043 17-5 
Year— 1959-60 
T. dicoccum Control 12 0-98-2-23 1-65 0-124 
Fast neutrons 3 hr 15 1-10—1-88 1-49 + 0-065 9-70 
5 hr 15 0-66—2-15 1-34 +0-112 18-75 
6 hr 12 0-67—-1-38 1-06 + 0-051 35-76 
T. aestivum Control 10 2-01—-3-10 2-56 +0-083 
Fast neutrois 3 hr 15 1-98-3-02 2-41 +0-025 5-86 
5 hr 40 1-17-3-02 2-20 + 0-061 — 14-07 
6 hr 37 1 -55—2-69 2-29 + 0-048 — 10-55 
H. vulgare (2x Control 12 1 -65-2-98 2:21+40-112 
Fast neutrons 3 hr 15 1-35-2-93 2-27 +0-100 + 2-7] 
5 hr 14 1-08—2-65 2-09 +0-121 5-43 
6 hr 18 1-09-2-76 1-94 0-119 12-22 
H. vulgare (4x Control 10 1-41—-2-27 1-84 +0-078 
Fast neutrons 3 hr 10 0-64-2-42 1-76 +0-137 5-89 
5 hr 10 1 -06—2-12 1-50 +.0-107 19-79 
6 hr 10 1-06-2-85 1-50 +0-127 19-79 


of the different types of mutations observed is chlorophyll mutation found in 6x and 4x 
indicated in Fig. 3. Pooled data from all the wheats, tigrina, maculata, viridoalbina and 
doses have been used to construct Figs. 2 and 3, xantha“!®) were also found in diploid wheat and 
since similar types of mutations in nearly — barley. The frequency of chlorophyll mutations 
identical proportions were found in the different increased with dose in the case of fast neutron 
treatments. The frequency of mutations generally treatment, in which data were available for 
registered a rise with an increase in radiation 3 doses. All chlorophyll mutations except the 
dose (‘Table 5). tigrina type proved to be lethal. No correlation 
(a) Chlorophyll mutations. All the three species was found between the fertility of M, spikes and 
of wheat and diploid barley segregated for the types of chlorophyll mutations occurring in 
chlorophyll mutations. No chlorophyll mutation the M, progeny. 
was observed in tetraploid barley in the M, (b) Viable mutations. No mutation affecting 
morphological characters was found in diploid 


generation. While albinas were the only type of 


172 
VOL. 
7} 
1961 
a: 
| 
| 


S. BHASKARAN and M. S. SWAMINATHAN 


z 
< 
2 
= 
a 
Oo 
Oo 
< 
Oo 
2 


uw 


2x 4x 


Fic. 2. Chlorophyll and viable mutation rate observed in wheat and barley in the M, 
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generation. For 4x barley, data from M, generation are included. 
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CHROMOSOME ABERRATIONS, CHANGES IN DNA CONTENT 


Table 5. Frequency of mutations in M, generation in wheat and barley treated with X-rays and neutrons 


Species ‘Treatment 


Control 


7T Monococcum 


X-rays 11 kr 
16 kr 
T. dicoccum Control 
X-rays I] kr 
Thermal neutrons 
Fast neutrons > hi 
5 hr 
6 hr 


Control 
X-rays 11 ki 


ae stti um 


Chermal neutrons 

Fast neutrons 3 hr 
hi 
6 hr 

H. vulgare (2x Control 

Thermal neutrons 

Fast neutrons > hr 
hr 
6 hr 


Control 

Thermal neutrons 
Fast neutrons > hi 
5 hi 
b hr 


H. vulgare (4x 


No. of 


families 


Mutation rate (°, 


No. of No. of 
plants muta- Segregating Per M, 
tions families plant family 


4400 0 
1248 11 22-2 61 
1042 50 16-6 278 
$650 
$440 2 2-78 2-70 
2340 0 0 
900 2 13-3 13 
860 6 16-6 50 
850 10 20-0 100 
7600 0 0 0 
$200 65 37-1 93 
1500 32 52-0 128 
975 8 23-6 36 
1120 16 60-0 184 
1165 15 68-0 180 
3600 0 0 0 
3840 69 28-1 108 
1430 1] 22-7 50 
1800 12 20-0 tf 
980 18 37-5 112 
4200 0 
1620 0 0 0 
1560 0 0 0 
500 0 


625 


wheat and tetraploid barley. visible 
morphological mutations in 4x wheat related to 
the density of the ear (Fig. 4). Erectoid plants 
with short and compressed ears, grass-clump 
like plants and plants with irregular arrange- 
ment of spikelets in the ear were observed in 
diploid barley. The highest frequency of viable 
mutations occurred in 6x wheat. Though the 
frequency of mutations was high, the spectrum 
of the induced variation was narrow. Speltoid 
mutations were predominant (Fig. 3) and 
belonged to either the deficiency type or mono- 
somic type of MacKey.“®) The speltoids had 
tough rachis and were also usually late in 
maturity. Subcompactoids and compactoids 
“Q” factor“) 
were also of frequent occurrence (Fig. 5). These 
were shorter in height as compared to the con- 
trol plants largely as a result of a reduction in 
the length of the ear-bearing inter-node. The 


arising from an overdose of the 


variety of 6x wheat used in this study was a 
fully-awned one but no mutation affecting the 
awn character was observed. Grass clumps 
occurred in several M, progenies of 6x wheat 
and these invariably did not flower. Mutations 
affecting plant maturity were also recorded. 


6. Frequency and spectrum of mutations observed in 
the M, generation 

M, families were raised in bread wheat 
treated with X-rays and thermal neutrons both 
from M, lines which segregated for mutations 
and those which contained no visible mutation. 
The percentage of families segregating for 
mutations in Mg, was 60-71 in the former cate- 
gory and 14-3 in the latter. Mutation rate 
measured as percentage of mutations per plant 
family was 111 in the M, generation in contrast 
to 93 in M,. It thus seems that more mutations 
can be obtained in bread wheat by raising M, 
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Fic. +. Ears of (1) 7. dicoccum and (2 & 3) an erectoid mutant in 7. dicoccum. Along with a 
shortening of the ear, the awn length is also reduced in the erectoid. 
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Fic. 5. Ears of T. aestivum var. C.591; (2) Subcompactoid and (3 Compactoid 


mutants. 
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Fic. 3. Relative proportions of different types of mutations observed in wheat and barley 
(the data for +x barley relate to the Mg generation). 
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Table 6. Frequency of mutations in M, generation in autotetraploid barley in fast neutron treatments 


No. of plants 


No. of mutations Mutation rate (%) 


Per M, Segregating 


Treatment No. of families studied Chlorophyll Viable 
family families 
Control 26 530 0 0 0 0 
3 hr 134 3350 0 38 28-3 20-1 
5 hr 100 2300 0 22 22-0 16-0 
89 1800 37-07 14-6 


6 hr 


progenies from lines segregating for mutations 
in M,. 

In diploid barley, similar types of mutations 
occurred in the M, generation as were observed 
in M,, chlorophyll mutations being the most 
common. Two significant observations were 
made in tetraploid barley. First, albina mutants 
occurred in three out of eighteen families derived 
from an M, line belonging to fast neutron 
treatment. The segregation observed in 
albina: 


6 hr 
the three 
37 normal: | albina: 35 normal and | albina: 


families were as follows: | 


49 normal. The observed segregation suggests 
a 35: | ratio and it is likely that the parent M, 
plants had a duplex genotype as regards this 
character. Secondly, fifty-six out of 323 M, 
families raised from the different fast neutron 
viable morphological 
The types of mutation 


contained 
mutations (Table 6). 
observed were: short and stiff strawed plants 
with compressed ears, elongated outer glumes, 


treatments 


open glumes, short ear plants, irregular spikes 
and grass clumps. Out of a total of 90 mutants 
isolated, 36 were of the erectoides type. The 
trend as regards the relative proportion of 
chlorophyll and viable mutations observed in 
autotetraploid barley in the M, generation is 
similar to that seen in the M, progenies of 


bread wheat (Fig. 2). 
DISCUSSION 
Among the criteria employed so far to 


measure the relationship between polyploidy 
and radiosensitivity in plants, the more im- 
portant are—percentage of germination and 
survival, seed fertility, frequency of chromo- 


some aberrations in somatic and gametic cells 


and frequency of chlorophyll and _ viable 
mutations. It is amply clear now that generaliza- 
tions drawn from the relationship observed with 
regard to any one of these criteria alone may 
prove misleading.@® During the present study 
an attempt was made to gather data on all these 
criteria in two different types of polyploids 
subjected to similar treatments and handled 
in a strictly comparable manner. The indica- 
tions provided by the data are discussed below: 


Germination and survival 

The response of autotetraploid barley to 
X-radiation was in conformity with the view 
that polyploidy confers some degree of resistance 
to radiation. In the wheat series, this effect of 
polyploidy was visible only in treatment with 
fast neutrons and not with X-rays. MacKey,@® 
who made a similar observation, suggested that 
the nucleus may be the decisive site of the injury 
caused by fast neutrons and that in 6x wheat 
the increased chromosome damage per cell 
occurring coincidentally with an increase in 
the number of chromosomes may be more than 
counter-balanced by the improved tolerance of 
a reduplicated gene system. The superiority of 
the hexaploid was not evident in studies in- 
volving thermal neutrons, where usually there 
is a heavy contamination with y-rays.“4 
Saric’®?) also observed that artificial polyploids 
obtained by chromosome doubling in individual 
species were more resistant to X-radiation, 
while in naturally occurring polyploid species, 
no simple relationship existed between chromo- 
some number and sensitivity to radiation. It 
seems likely from the results of the present study 
and those of MacKey@® that biological factors 
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unrelated to ploidy may influence the survival 
of seedlings following irradiation to a greater 
degree in the case of X-rays than fast neutrons. 
It is also well known that while various pre- 
and post-irradiation factors influence markedly 
the radiobiological effects induced by X-rays 


they have no perceptible effect in the case of 


neutron irradiation.” ” 


Chromosomal radiosensitivity 

ConGER and Jonnsron'® found by irradia- 
ting a single flower bud of Tradescantia paludosa 
containing a mixed population of haploid and 
diploid microspores with 500 r of X-rays, that 
the diploid cells had exactly twice as many 
chromosome aberrations per cell as the haploids. 
Evans observed a similar relationship with 
regard to the yield of chromatid aberrations in 
roots of Tica faba containing a mixture of 2x 
and 4x cells following exposure to y-rays. 
During the present study, the aberration fre- 
quency per unit length of chromosome was 
found to be the same in 2x and 4x barley both in 
treatments with X-rays and fast neutrons and 


in 2x, 4x and 6x wheats only in the case of 


X-rays. In fast neutron treatments, there was 
no significant difference between 2x and 4x 
wheats as regards chromosomal radiosensitivity. 
Hexaploid wheat, on the other hand, showed a 
significantly higher frequency of aberrations 
than the diploid and tetraploid, which confirms 
the earlier observations of SWAMINATHAN and 
NATARAJAN.“?) Thus, in the wheat series the 
aberration frequency appears to be independent 
of ploidy when LET is low but is controlled 
both by ploidy and LET, when LET is greater 
than that for X-rays. PAr and SwAMINATHAN®® 
have obtained evidence to suggest that the D 
genome derived from Aegilops squarrosa might 
have introduced into bread wheat a_physio- 
logical state which promotes the incidence of a 
higher frequency of chromosomal aberrations 
and viable mutations following treatment with 
mutagens. 


Changes in DNA content 

Microspectrophotometric measurements of 
DNA content of nuclei in 2x and 4x barley 
irradiated with 11,000 r of X-rays showed that 
the percentage of reduction did not differ 
F 
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significantly in the two cases at all stages of 
analysis. With thermal neutrons, however, the 
percentage of reduction was significantly higher 
in 4x barley than in 2x barley. In wheat, the 
maximum reduction was observed the 
hexaploid both with X-rays and_ thermal 
neutrons. 2x wheat had a significantly lower 
percentage of reduction in comparison with 
both the tetraploid and hexaploid. ‘The results 
are explicable only on the assumption of a 
greater selectivity among cells proceeding to 
mitosis in the diploids. In barley, this effect 
is visible only in the thermal neutron treatment. 
In wheat, on the other hand, an increase in 
chromosome number enhanced the effect on 
DNA content of nuclei by both X-rays and 
thermal neutrons. Since the chromosomal 
aberration frequency was identical in 2x, 4x 
and 6x wheats in X-ray dosages up to 25,000 r, 
it is clear that there is no parallelism between 
effects on DNA content and on chromosomal 
aberrations. LajTHA”®) has shown that popula- 
tion changes and cell cycle changes may blur 
the analysis of radiation effect on DNA syn- 
thesis. While in the estimation of chromosome 
aberrations aneuploidy has not been taken into 
account, aneuploids may be represented among 
the cells in which DNA measurements were 
made. Consequently, ability to tolerate aneu- 
ploidy will be reflected in the DNA content 
data. This is probably why irradiated 4x barley 
shows a greater reduction in DNA content than 
the diploid. 


Plant fertility in M, plants 

Reduction in seed fertility decreased with 
increasing ploidy in the wheat series. ‘The 
present data are in conformity with the earlier 
observations of STaApLER,@) MacKery®® and 
NATARAJAN ef al.C The relationship between 
seed setting and polyploidy was complicated 
in the barley series, since the autotetraploid 
condition itself reduced fertility and irradiation 
introduced further complications in meiotic 
behaviour. 


Frequency of chlorophyll mutations 

The trend as regards a reduction in the rate of 
induced chlorophyll mutations with increasing 
chromosome number, first found by STADLER?) 
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in Triticum and Avena and later by Minrzinc®) 
in barley, LevAN’® in flax, in wheat 
and oats and by MacKey@® and 
NATARAJAN ef al.@*) in wheat, was observed 
during the present study both in wheat and 
barley. Spontaneous chlorophyll mutations are 
also extremely rare in 6x wheat and oats.” 
Induced albina mutants were recorded for the 
first time in 6x wheat by SwAMINATHAN and 
NATARAJAN@® in ultra-violet-+- X-ray treatments. 
The variety used by them was C.591, the same 
as that used in the present investigation. None 
of the 21 nullisomics in the variety Chinese 
Spring show any lack of chlorophyll develop- 
ment, thus indicating that more than one 
chromosome will have to be affected if chloro- 
phyll development is to be arrested. The fact 
that albinas occur readily in the variety C.591 
while they have never been found in the other 
varieties used in radiation experiments by 
different workers suggests that there may be an 
intra-specific variation with regard to the 


number of genes controlling the development of 


the chlorophyll apparatus. Mtnrzinc®®) and 
Levan"® did not find a single chlorophyll 
mutation in the M, progenies of autotetraploid 
barley and flax respectively. Our observation 
in 4x barley was similar as regards the M, 


CHROMOSOME ABERRATIONS, 


Table 7. Radiation sensitivity of wheat species and diploid and tetraploid barley (arranged in the decreasing order of sensitivity 


CHANGES IN DNA CONTENT 


generation but we found albinas in the M, 
progenies. Assuming that either a_ cryptic 
deletion or a recessive mutation occurred at the 
locus controlling chlorophyil development in an 
irradiated seed, the M, plant raised from such a 
seed will have a triplex genotype. In the M, 
progeny of this plant only | out of every 784 
plants will be an albina and that too, only if 
there is complete random chromatid segrega- 
tion. The chances for occurrence of albinas in 
M, will, however, be greater since 25 per cent 
of the M, plants belonging to this family will 
have a duplex genotype and will consequently 
segregate in the ratio 35 normal: | albina in 
M,. The observed ratio confirms this inference 
and the phenotypic expression of recessive 
mutations in an autotetraploid will hence start 
largely in M, and later generations. 


Viable mutations 

Mutations affecting morphological characters 
were rare or absent in 2x and 4x wheats. 
Morphological mutations seem to occur more 
readily in 2x barley than in 2x wheat. The 
highest viable mutation rate was observed in 
6x wheat. A high viable mutation rate has 
earlier been reported in varieties of bread wheat 
by Deraunay,® Sapentn,? 


Sl. Criterion Radiation Wheat Barley 
No. 

l Survival of seedlings X-rays 2x, 4x 6x 2x, 4x 

Fast Neutrons 2x, 4x, 6x 2%, 4% 

id Growth inhibition X-rays 2x, 4x, 6x 2x, 4x 

Fast Neutrons 2x, 4x, 6x 2x; 4x 

3, Seed fertility X-rays 2x 4x, 6x 4x, 2x 

Fast Neutrons 2x 4x, 6x 4x, 2x 

4. Chromosomal radiosensitivity X-rays 2x 4x 6x 2x 4x 

Fast Neutrons 6x, 4x 2x 2x 4x 

5. DNA content of nuclei X-rays 6x, 4x, 2x 2x 4x 

| ‘Thermal Neutrons 6x, 4x, 2x 4x, 2x 

6. M, Chlorophyll mutation frequency X-rays 2x, 4x, 6x 2x, 4x 

Fast Neutrons 2x, 4x, 6x 2x, 4x 

vi M, Viable mutation frequency X-rays 6x, 4x 2x 2x, 4x 

| Fast Neutrons 6x, 4x, 2x | 2x, 4x 


*|. Underlining indicates identical sensitivity (differences statistically insignificant). 
2. Seed fertility is low even in normal plants of 4x barley, since it is an autotetraploid. 
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MacKey, “7? Nararagjan ef D’AMATo 
and .Moscuini and BHASKARAN and Swamt- 
NATHAN.) Hexaploid wheats possessing the 
speltoid suppressor factor ‘‘Q” located on 
chromosome 5A“ give rise to a higher fre- 
quency of viable mutations than those which 
lack the “Q” factor.“” Visible mutations can 
obviously occur in a polyploid only at loci in 
which phenotypic buffering conditioned by the 
presence of loci with analogous function do not 
exist. The restricted mutation spectrum observed 
in the M, and subsequent progenies of bread 
wheat would suggest that only a few such loci 
may be present. In this connection it is interest- 
ing that the mutation response of bread wheat 


is similar to that found in the M, generation of 


autotetraploid barley. The data from induced 


mutation experiments as well as the work of 


Sears®) on the homeologous relationships 
among the chromosomes belonging to the 
different genomes, and of Ritey and CHap- 
MAN®® and SeARs and Okamoto) on the 
existence of a multivalent suppressor gene 
system, all clearly indicate that considerable 
homology both at the genic and structural level 
exists among the genomes of bread wheat. 
Since most induced mutations in bread wheat 
arise from chromosome aberrations, those 
families which do not segregate for mutations in 
M, will give rise to mutations in M, only rarely. 
Thus, it may be advisable to pay greater 
emphasis to the study of families segregating for 
mutations in M,. 


SUMMARY AND CONCLUSIONS 

The relationship observed between ploidy 
and radiosensitivity in 2x, 4x and 6x wheats 
and 2x and 4x barley as regards several distinct 
criteria is summarized in Table 7. The data 
reveal that (a) the relationship between poly- 
ploidy and sensitivity to radiation is more clear- 
cut in diploid and autotetraploid barley than 
in the naturally occurring polyploid wheat 


species; (b) the superior radio-resistance of 


polyploid wheat species as measured by survival 
of M, plants becomes evident only with fast 
neutrons; (c) the aberration frequency per 
unit length of chromosome is the same in 2x 
and 4x barley both with X-rays and_ fast 
neutrons and in 2x, 4x and 6x wheats only in 


the case of X-rays; (d) as judged by DNA 
measurements the polyploids are more affected 
than the diploids in both wheat and_ barley 
presumably due to their greater ability to 
tolerate aneuploidy; (e) in the wheat series, 
chlorophyll mutation rate is very low and viable 
mutation rate very high in 6x wheat, while the 
reverse situation prevails in the case of 2x and 
4x wheats; (f) though the frequency of viable 
mutations is high in 6x wheat, the mutation 
spectrum is very narrow and (g) in autotetra- 
ploid barlev recessive mutations commence to 
appear only in the M, generation. The results 
of the present study indicate a necessity for 
studying the polyploidy-chromosomal radio- 
sensitivity relationship using radiations with 
differing LET. They also support the views of 
MacKey®@” and Natarajan et that bread 
wheat is a favourable material for mutation 
breeding. 
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Abstract—A long-term investigation was conducted at Eniwetok Atoll during 1954-57 to 
determine the rate of recovery of land plants damaged by the radiation, shock and heat blast 
of the Nectar detonation in 1954. At Belle Island seven plant species were tagged, measured 
and photographed before the detonation. At approximately monthly intervals after the 
detonation for a period of ten months, and again after an interval of six months, the plants 
were observed and photographed. ‘The first indication of recovery was observed on the eighth 
day, at which time buds were noticeable on stems of Scaevola and Messerschmidia plants. In a 
month’s time, most of the plants had formed new leaves and some had produced flowers and 
fruits. In six months, the general condition of the vegetation was similar to that which 
existed before the detonation. Two plants, Guettarda and Portulaca, which were unhealthy at 
ten months, had improved by the sixteenth month. Photographs of the recovery of some of the 
plants are included in this report, as well as a discussion of agents other than radiation which 
have been reported to cause similar damage to plants of the coral atolls of the Pacific Ocean. 


Résumé— Une investigation a long terme a été effectuée a l’atoll d’Eniwetok pendant les 
années 1954-1957 afin de déterminer la vitesse de restauration de plantes de pleine terre 
endommagées par les radiations, le shock et le souffle thermique de l’explosion Nectar en 1954. 
A Belle Island, sept espéces de plantes ont été étiquetées, mesurées et photographiées avant 
l’explosion. Les plantes ont été observées et photographiées a des intervalles d’environ un mois 
pendant une période de dix mois aprés explosion et ensuite, aprés un délai de six mois. Le 
premier indice de restauration a été observé le huitiéme jour, moment auquel des bourgeons 
ont été relevés sur es tiges de Scaevola et Messerschmidia. Endéans une période d’un mois, la 
plupart des plantes avaient formé de nouvelles feuilles et certaines avaient produit des fleurs et 
des fruits. En six mois, les conditions générales de végétation étaient redevenues semblables a 
celles qui existaient avant l’explosion. Deux plantes, Guettarda et Portulaca, qui étaient maladives 
4 dix mois, se sont améliorées au seiziéme mois. Des photographies de la restauration de 
plusieurs de ces plantes sont inclues dans ce rapport ainsi qu’une discussion des agents autres 
que les radiations connus comme étant cause de semblables dégats aux plantes des attols de 
Océan Pacifique. 


Zusammenfassung—Eine langtristige Untersuchung am Eniwetok Atoll wurde wahrend 
der Jahre 1954—57 durchgefiihrt um die Geschwindigkeit der Erholung der durch Bestrahlung, 
Schock und Hitzestoss der Nectar Detonation in 1954 beschadigten Landpflanzen fest- 
zustellen. Auf der Belle Insel wurden sieben Arten vor der Detonation markiert, gemessen und 
photographiert. In ungefahr monatlichen Abstanden, wahrend der ersten 10 Monate nach der 
Detonation und danach nach 6 Monaten wurden die Pflanzen wieder beobachtet und photo- 
graphiert. Das erste Anzeichen der Erholung wurde am achten Tag gefunden, indem Knospen 
an den Stammen von Scaevola und Messerschmidia pflanzen sichtbar wurden. Nach einem Monat 
hatten die meisten Pflanzen neue Blatter gebildet und einige hatten Bliiten und Friichte. 
Nach 6 Monaten war der generelle Zustand der Vegetation ahnlich dem der vor der Detona- 


*QOperated by the University of Washington under Contract No. AT(45—1)1385 with the United States 
Atomic Energy Commission. 
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tion existierte. Zwei Pflanzen, Guettarda und Portulaca, die nach 10 Monaten noch ungesund 


waren, hatten sich nach 16 Monaten gebessert. Photographien einiger der erholten Pflanzen 
sind diesem Bericht beigefiigt, sowie eine Besprechung der Mittel, ausser den Strahlungen, von 
denen ahnlicher Schaden wir der an den Pflanzen der Korallenattolle des Pazifik berichtet 


worden ist. 


INTRODUCTION 


Since the summer of 1946, the Laboratory of 


Radiation Biology of the University of Washing- 
ton has conducted studies at the Eniwetok 


Proving Ground to evaluate the distribution of 


radioactivity in aquatic and terrestrial organisms 
of the atolls of the western Pacific and adjacent 
areas. These studies were made either shortly 
after a nuclear device had been detonated or 
after intervening periods varying from several 


to many months. The results of the investiga- 
tions conducted in 1946, 1947, 1948, 
1949, and 1952) indicated the need for a 
study of the reinvasion or regrowth of organisms 
in an area contaminated by radiation. 

A study of this nature was undertaken 
following the detonation of an atomic device 
(Nectar) at Eniwetok Atoll in the spring of 1954. 
Facilities were made available at the Eniwetok 
Marine Biological Laboratory on Elmer (Parry) 
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Island by the Division of Biology and Medicine 


of the United States Atomic Energy Com- 
mission, and logistic support to carry out the 
sampling programme was furnished by Joint 
Task Force Seven of Operation Castle. 

The study of the land plants was a part of the 
over-all programme of the Laboratory of Radia- 


tion Biology. In this report only the results of 


this portion of the programme are presented. 
The results of the investigations on the following 


organisms already have been reported: reef 


23) 


fish,“ land crabs.“ invertebrates), and 


algae.“") 

The objective of the land plant programme 
was to determine the length of time required 
for a plant damaged by a nuclear detonation 
to resume its normal functions of growth and 
reproduction while being subjected to chronic 
radiation. 

The main site of study was Belle Island 
(Bogombogo), 2:7 miles W-SW of the detona- 
tion (Fig. 1). This area was estimated to be far 
enough removed from ground zero that the 
plants would not be uprooted by physical forces 
yet would be in an area of sufficient radio- 
activity for the proposed study. 

METHODS 

Representative plants of the eight most 
common species growing in the area were 
however, numerous other 


studied in detail: 


Secward 


°1208 °1412 1207) 


Scale;lin:|S5SOyd 
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reef flat 


plants also were observed. Before the Nectar 
detonation the plants were staked, labelled, 
measured and photographed. After the detona- 
tion, and at approximately monthly intervals 
thereafter, observations and measurements were 
made of the plants and photographs were taken. 
Scaevola sericea Vahl, a woody shrub, was chosen 
as the principal plant for study because of its 
widespread occurrence on the islands of the 
Central Pacific Ocean. ‘The other plants studied 
in detail were: Messerschmidia argentea, Guettarda 
speciosa and Cocos nucifera, trees; Lepturus repens, 
a grass; Boerhaavia tetrandra and Triumfetta 
procumbens, prostrate vines; and Portulaca oleracea, 
a fleshy herb. The locations of these plants on 
the island are shown in Fig. 2. 

Gamma survey-meter readings also were taken 
to determine the gamma dose to which the 
plants were subjected. 


RESULTS 

The gamma survey-meter readings taken at 
Belle Island during the period of investigation 
are given in Fig. 3, which includes the theoretical 
gamma dose rate according to MILLer and 
Lors."® The accumulated total dose from one 
minute after the detonation to the end of 200 
days was calculated to be approximately 400 r. 

Before the Nectar detonation, the plants on 
Belle Island were generally green and healthy- 


Lagoon 


Fic. 2. Diagram of Belle Island, Eniwetok Atoll, showing the location of the land plant 
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Fic. +. General view of land plants at Belle Island, Eniwetok Atoll 


. (a) On April 15, 1954, 
before the Nectar detonation. (b) On May 22, 1954, eight days following Nectar, showing 


a Scaevola plant (No. 1319) in the foreground. 
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Fic. 7. Guettarda plant at Belle Island, Eniwetok Atoll. (a Close-up of unhealthy plant 
(No. 1216) on March 15, 1955. (b) Close-up of the same plant on November 1, 1955. 
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Fic. 3. Gamma dose rates at three feet at Belle Island, Eniwetok Atoll, May 15, 1954 to 


100 1000, 


March 21, 1955, compared with the decay of fission products from the slow neutron 


looking. A photograph of the general area taken 
at this time (Fig. 4a) shows the healthy appear- 
ance of the vegetation. In some plants there was 
yellowing of the leaves and necrosis, especially 
in Scaevola and Guettarda, and some reddening 
of the tops of the grass, Lepturus repens. The latter 
symptom is typical of some species of plants 
growing in phosphorus-deficient soil, a condition 
often found on coral atolls and in areas where the 
top soil has been disturbed or blown away. The 


Mike detonation of 1952 had removed most of 


the plants and top soil from Belle Island, result- 
ing in the depletion of some of the elements 
essential for plant growth. In spite of these 
deficiencies regrowth of the plants at Belle 
Island was rapid. In April 1954 some of the 
Scaevola and Messerschmidia “trees” were up to 
five feet in height, with a spread of ten feet, and 
bore many flowers and fruits. Plants of the other 
species also were well established. 

A photograph of Belle Island taken eight days 
following the Nectar detonation (Fig. 4b) shows 
the extent of the damage sustained by the plants. 


fission of 


From the air the island looked brown and 
desolate. On closer inspection it was found that 
most of the plants had been scorched by the 
heat wave and many of them had been blown 
over or broken by the shock blast. Two of the 
previously tagged plants (Cocos and Portulaca) 
had disappeared or had been dislodged from 
their original positions; other plants of these 
species were staked and labelled for study. On 
the tall shrubs, such as Scaevola, Messerschmidia 
and Guettarda, the leaves were usually gone or 
scorched, and the scorched branches and a few 
persistent leaves were all that remained of the 
plants. Flowers and fruits were found on some 
plants, especially in the prostrate plants such as 
Portulaca, which was located behind a large 
fallen coconut trunk. Close-ups of examples of 
damaged plants eight days post Nectar are 
shown in the foreground of Figures 4b and Sa. 

Recovery of the plants was rapid. Heavy 
rains occurred on the third day. On the eighth 
day green buds, 1-3 mm in length, were ob- 
served on the stems of Scaevola and Messer- 
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schmidia (Fig. 5a) plants. On the thirty-fifth day 
the shoot leaves were 7—-15 cm long, covering 
much of the old stems (Fig. 5b) and giving the 
plants a green and healthy appearance. By this 
time many of the other plants had formed new 
leaves and three species (Portulaca, Triumfetta, 
and \esserschmidia) had produced new flowers 
and fruits. The island now had lost its scorched 
appearance; from the air it looked green rather 
than brown as it had one month earlier. 

In August, three months after the detonation, 
the plants were growing well (Fig. 6a) and some 
species, such as Boerhaavia, had produced new 
flowers. The leaves of most of the species had 
grown to maximum size, and the branches had 
grown almost to the pre-Nectar dimensions. 
This was not the case with the Guettarda and 
Lepturus plants, which recovered more slowly 
than the other species. The new growth on the 
Guettarda plant consisted of ten small leaves 
which originated from a new shoot 18 cm tall 
at the base of the old plant; the Lepturus plant 
was a mat of dead tops with some new growth 
forming at the periphery. 

In six months the general condition of the 
vegetation (Fig. 6b) was similar to that which 
existed before the Nectar detonation. In March 
1955, approximately ten months post Nectar, 
the plants appeared to be normal, most of them 
bearing abundant flowers and fruits, healthy, 
green leaves, and the usual amount of yellow, 
older leaves. The Guettarda plant, however, bore 
curled, distorted, and unhealthy-looking leaves 
Fig. 7a). When observed again in November 
1955, it bore about thirty healthy, green leaves, 
had increased in height and apparently was 
completely recovered (Fig. 7b). The Portulaca 
plant bore only a few leaves in March 1955, but 
when observed in November 1955, it had 
recovered somewhat, bearing abundant flowers 
and some green leaves. 

No other aberrant growth forms were seen 
in the field observations at Belle Island. At 
Janet Island, the fasciated stems and_ the 
tumorous growths on plants of Ipomoea tuba 
observed in 1949 by BrppuLpH® were. still 
present in 1957. 

The measurements and observations made on 
one of the plants, Scaevola (No. 1319), during 
the course of the study are presented in Table 1. 
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DISCUSSION 
Previous studies to evaluate the recovery and 
reinvasion of the flora at the Eniwetok Proving 
Ground, approximately fifteen months after 
Operation Sandstone, were made in 1949 by 
Sr. and They reported 


morphological abnormalities in ten species of 


plants growing on islands where atomic detona- 
tions had taken place, and where radiation 
levels were undoubtedly higher than those on 
Belle Island during the Nectar survey. These 
abnormalities included flattening, shortening, 
thickening and spiral torsion of stems, severe 
“die-back”? of leaves stems, chlorosis, 
asymmetry, shrivelling, crumpling and twisting 
of leaves, chromatism of stems, proliferation and 
enlargement of inflorescences, abnormal pro- 
liferation of stems, and sterility of plants. St. 


John reported finding a mutant of Guetlarda 


speciosa on Runit Island but did not describe it. 


Biddulph reported spiralling and splitting of 


fronds on several coconut palms on Aitsu (Olive) 
Island, which is located between two of the 
islands. 

On the “shot” islands, the plants closest to 
the bomb crater centres (where radiation levels 
were highest) were most severely affected. In 
areas where radiation levels were lower, the 
“disturbance of ecological habitats’? was_ re- 
ported to be more important in excluding plants 
from these areas than the radiation effects from 
the bombs.‘® Undoubtedly many of the 
abnormal plants started their growth after the 
nuclear detonations had occurred im- 
poverished soil lacking inorganic nutrients and 
organic matter. These conditions are known to 
cause nutrient deficiencies which can sometimes 
be identified by the appearance of the plant. In 
coral atolls where the top soil has been removed 
the retention of rain water in the surface layer 
of soil would be slight, resulting in the curling, 
drying, and ultimate death of the shallow-rooted 
plants. On the basis of these observations it may 
be concluded that some of the abnormalities 
observed could have been caused by factors 
other than radiation. Therefore, it would be 
impossible to ascertain all of the causes of 
damage to plants in an area where radiation 
and nutrient deficiencies both exist. In areas of 
high radiation levels, much of this damage 
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Tabie 1. The regrowth of Scaevola sp. (Plant No. 1319) at Belle Island, Eniwetok Atoll, from May 22, 1954 to March 15, 
1955 following the detonation of May 14, 1954 at a site two and one-half miles away 


Length of 

Date Appearance Height Over-all larger Remarks 
(cm) diameter leaves 

(em 


(cm 


4/15/54 Healthy; green flowers and 
fruits present 


90 16 


Plant badly damaged, A few plants observed 
stems naked and broken; with persistent floral 
some burned and_ green parts 

leaves persist at terminals 


New leaves on stems; No flowers observed on 


branches still scrawny- on this plant 
looking 


Most leaves green and Flowers present on 
healthy; plant not as bushy Scaevola Plant No. 1209, 


Area C 


~ 
~ 


as in April 75 


Plant as healthy and bushy Flowers present on 
as in April 90 20 Scaevola Plants No. 1209 
and No. 1213, Area A, 


and others 


11/2 Growth normal in every 
respect; small flowers 
present 


| 


Plants healthy, larger than 
in April, many flowers 


Yellowing of oldest leaves Some Scaevola plants 2 


only; plant healthy, no metres in height 
flowers or {fruits 100 25 


could be attributed to the radiation, because it Observations made in February 1956 in the 
has been shown in controlled field experiments, Marshall Islands by Fosperc'*!” also suggest 
with several plants, that chronic doses of gamma ___ possible radiation damage to plants twenty- 
radiation of 13-37 r/day for two to five months three months after an incidence of high-level 
can cause plant abnormalities of various radioactive fallout. He found severe damage in 
kinds,“ similar to those found at the Eniwetok — the land plants (Guettarda speciosa, Cocos nucifera, 
Proving Ground. The total gamma dose  Suriana maritima and others) at Gegen Island, 
delivered in these experiments ranged from Rongelap Atoll, where the “total radiation 
780 r to 5,550 r. In more recent studies with dose to infinity” was reported to be 3,360 r. 
conifers Sparrow® observed that doses as low Where the levels of radiation were 10—100 times 
as 3 r and 4 r/day caused death of Pinus rigida lower, little or no damage was observed. How- 
after six years of exposure (total cumulative ever, some species (Guettarda, Lepturus repens, and 
dose, about 8,000r). Many plants, however, Fleurya ruderalis) appeared to be normal at 
were dead or dying at doses much below this  Kabelle Island where the radiation level was 
cumulated dose, and some visible damage was high (total dose 1,824 r). Other species (Suriana, 
observed at doses below 3 r/day. Cordia_ subcordata, Cocos nucifera and Pisonia 


6/19 
Ulie 8/12 
7 
78 95 20 
3/15/55 
4 


188 


grandis) were abnormal in appearance at islands 
where the levels of radioactivity were lower. 
Fosberg suggested that some species of plants 
were more susceptible to radiation than others. 

On the other hand many of the abnormalities 
reported by Fosberg, St. John and Biddulph 
have been reported from coral atolls where no 
radioactive fallout has occurred. For example, 


defoliation and death at the tips of branches of 


Cordia, Pisonia and Tournefortia ( Messerschmidia 
were reported on Wake Island in April 1952, 
after a period of drought, by Fospere.“” 
Taytor™? reported that the vegetation at 
Bikini Atoll in March and April 1946 (before 
Operation Crossroads) was unhealthy-looking 
and that Pisonia plants bore only scanty foliage, 
improving later in the year. Records of rainfall 
in the northern Marshall Islands show that the 
dry period prevails from December to April, the 
months of January and February getting the least 


rainfall. As shown by the observations of 


Fosberg and Taylor, one would expect to find 
the plants at their worst during the dry period. 
Some abnormalities found in the plants on 
coral atolls have been caused by insects. ‘Taylor 
reported that the leaves of Suriana were clipped 
as if by insect attack, and Fosberg reported that 
Bauhinia was chlorotic and badly eaten by 
insects. NrERING“S) reported that on Kapinga- 
marangi Atoll the leaves of Scaevola were attacked 
by a leaf miner and new shoots and buds of 
Calophyllum sp. and Barringtonia astatica were 
“infested to the point of disrupting the normal 
growth pattern.” On Onotoa Atoll, Mou.” 
observed that several insects were found on 
Guettarda plants. ‘These included wasps, moths, 
stink bugs, and butterflies. Moul reported also 
that leaves of Pisonia trees were so_ badly 
damaged by leaf-cutting bees that he could not 
find a perfect specimen of foliage. At Rongelap 
Atoll members of this Laboratory noted in- 
festations of a lepidopteran larva causing 
deformed leaves on Guettarda plants. They also 
reported that insects caused defoliation and bud 
damage in plants of Terminalia sp. and Pisonia. 
The bird population also is a factor in the 
production of unhealthy plants. Niering re- 
ported that at Kapingamarangi Atoll the leaves 
of Asplenium, Nephrolepis, Guettarda and Pisonia 
were turning brown and dying because of the 
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fecal droppings of the white-capped noddy tern 
(Anous minutus marcusi). He reported that the 
breadfruit tree also is damaged by these birds. 
On Canton Island the suggestion was made that 
the native birds were chiefly responsible for the 
dead or dying conditions of the forest and scrub 
vegetation.“ 

Other agencies also have been reported to 
cause chlorosis, die-back, slow growth, aberrant 
growth forms, and other kinds of plant ab- 
normalities. Some causes not mentioned 
previously are salt spray, wind, storms, flying 
gravel, soil conditions and land crabs. 

Measurements of the amount of thermal 
radiation and blast received by the plants at 
Belle Island during the Nectar detonation were 
not made, but approximations of these values 
can be made on the basis of the energies 
required to produce the observed damage. A 
thermal energy of 10-15 cal/cm® is required to 
char vegetation and a wind velocity equivalent 
to 130-140 miles/hour is required to produce 
blast damage“ similar to that observed at Belle 
Island. Also, from calculations based on data 
obtained from other nuclear detonations,“?) 
the initial gamma dose delivered at Belle Island 
was approximately 30 r, which is much lower 
than the levels required to cause visible plant 
damage in laboratory-type experiments. Essen- 
tially all of the damage to the land plants, 
therefore, can be attributed to the heat and blast 
rather than to the initial nuclear radiation. The 
excellent recovery of all but three of the plants 
Guettarda, Lepturus, and Portulaca) is noteworthy, 
especially since the plants were subjected con- 
tinuously to external radiation as well as the 
internal radiation from absorbed radioisotopes. 


The abnormal appearance and slow recovery of 


these plants, among the many observed, would 
appear to be due to radiation; however, the 
author feels that the other factors, which were 
not measured adequately during this investiga- 
tion, should be evaluated carefully before 
ascribing the damage to radiation. 
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Comparative Effects of Radiation, by M. Burton, 
J.S. and J. L. Macrer, Wiley, New York, 
1960. xx +426 pp. Illus. $8.50. 

In FesruArY 1960 a Conference on the Comparative 
Effects of Ionizing, Ultra-violet and Visible Radia- 
tion was held at the University of Puerto Rico. 
Brought together were about fifty biologists. chemists 


and physicists whose common interest was the inter- 


action of radiation with matter. Edited versions of 


the papers presented, as well as the discussions that 
took place after each, have been compiled into the 
present volume. 

The beginning chapter by C. P. Swanson con- 
trasts the initial biological effects that result from 
different types of radiation. So broad a topic could 
only be treated in a cursory fashion in several pages, 
and is here restricted somewhat to cytological criteria 
of damage. However, the chapter clearly demarcates 
three areas of emphasis in the remainder of the volume: 
elementary primary reactions (that take place within 
orders of reciprocal pico-nano-seconds), the inter- 
such as triplet 


mediat y sec ondary rearrangements 


transitions, lasting from u seconds to seconds), and 
the derived biological events (requiring minutes to 


hours before direct irreversibility Some basis is 
given, particularly from ESR and metabolic studies, 
to support the generalization that the initial inter- 
actions between ionizing radiation and _ cellular 
substance vary little with composition and type of 
cell. It is the subsequent processes of energy transler 
that are strongly affected by physico-chemical en- 
vironment. On the other hand, the molecular species 
induced to metastable states by ultra-violet radiation 
are determined largely by wavelength resonance, 
with a lesser role of physical environment. 


The reviewer feels that it would have been profit- 


able to include a comparative characterization of 


photoreceptors of visible light: pigments in vision, 


photosynthesis, -tropism, and  -morphogenesis 


diverse biological sequelae of excitation and excita- 


tion transfer—that probably behave quite similarly 


at the electronic level. However, only one type of 


photomorphogenesis is considered with a chapter on 
the control of plant growth by phytochrome (S. B. 
Hendricks). In recent years the Beltsville Labora- 
tories have contributed materially to the under- 


standing of phenomena reversibly induced by red 
and far-red light. This chapter deals with their work 


Radiation Botany, 1962, Vol. 1, pp. 190 to 193. Pergamon Press Ltd. Printed in Great Britain. 


BOOK REVIEWS 


190 


on action spectra, draws inferences from the kinetics 
of reversibility, and summarizes the characterization 
and interconversion of the red-far red pigment com- 
plex—-phytochrome. 

Mechanisms of photoreactivation are discussed by 
C. S. Rupert. Reversal of the damage induced by the 
ultraviolet to nucleic acids is first considered as a 
neutralization of cell toxin, then as a photo-induced 
metabolic bypass, and finally, in greater detail, as a 
photo-induced direct repair of the primary lesions. 
The latter is shown to involve an enzyme which 
combines with u.v. damaged DNA. This complex 
yields reconstituted nucleic acid upon illumination. A 
parallelism is drawn between the enzyme and opsin 
function in visual systems. Another interesting inter- 
pretation presented is the possible function of the 
enzyme in constant repair of damage by solar radia- 
tion. Existence of several disparate photoreactivation 
systems is recognized, apparently involving both 
RNA and DNA. 

Chapters on various aspects of primary energy 
transfers then follow. M. Kasha considers the mole- 
cular photochemistry of ultraviolet radiation effects 
from the standpoint of electronic excitation. He begins 
discussion of photochemical 
Molecular 


various 


with a elementary 


processes. orbitals and emissions, the 


reactivity of excited states photo- 
ionization in condensed systems are then examined. 
A new principle of quantum bipartition in polyatomic 
indicates the limiting 


molecules is proposed. It 


quantum yields at specific excited states. Some 
implications of these transitions to DNA_ photo- 
reactivity occur in the appended discussions. 

The nucleic acids are the chief concern of the next 
paper by B. and A. Pullman, wherein are emphasized 
structural effects of ionizing radiation. Differences 
in the sensitivities of the purine and pyrimidine bases 
are interpreted by resonance stabilization and bond 
reactivities toward free radicals. This section will 
interest those concerned 
damage localization to specific bonds. 

J. Magee examines elementary processes in the 
action of ionizing radiation. His paper is essentially 
a stochastic analysis of reactive intermediate distri- 
bution in condensed systems. It begins with a 
theoretical treatment of the migration of electronic 
excitation. Dissociation processes, and the localization 
of excitation, particularly under conditions where 


with electronic bases of 
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there are low rates of linear energy transfer, are then 
covered, 

C. J. Hochanadel surveys that inferential never- 
never land: the radiation chemistry of water. Possible 
primary and secondary processes and their initial 
spatial distributions are discussed from the standpoint 
of diffusion kinetics theory. ‘The yields observed upon 
irradiation of both pure water and solutions under 
various experimental conditions are evaluated in 
those terms. A useful conceptual tool is a table that 


gives a time scale for the radiation chemistry of 


water. It covers the period from initial electron 
traverse to radiative lifetime of the triplet state. 

W. H. Hamill presents experimental results of the 
irradiation of organic liquids and halides. ‘These are 
used as a basis for analysis of direct and indirect 
effects in defined condensed systems. Such effects are 
dealt with in terms of dissociative electron attach- 
ment, charge exchange and ion-molecule reactions. 

Direct and indirect initial effects in biological 
systems are then approached by M. Ebert. He points 
out that radiation chemistry so far -hhas emphasized 
either the very dilute solution or the pure substance. 
Such studies have been informative, and provided a 
basis for differentiating direct from indirect action. 
However, research has hardly touched on the radio- 
chemistry of concentrated solutions in colloidal 
association, conditions more analogous to the living 
cell. Ebert cites data which indicate the inadequacy 
of the direct action model in interpreting very 
radiosensitive events. He suggests that direct -and 
indirect actions are not antipodal models of the 
primary events following exposure of biological 
systems to ionizing radiation. This is supported by an 
expansion of the direct model to allow for energy 
transfer within molecules, and by restricting the 
diffusion path of free radicals in the indirect model, 
particularly in light of the oxygen effect on DNA 
sensitivities. 

Recent advances in the study of irradiated polymers 
are presented by A. Charlesby. Degradative and 
cross-linking actions of “ionizing”? and ultraviolet 
radiation (~5 eV) are described; both types of 
radiation appear to have identical actions upon 
certain polymers, judging from ESR and degradative- 
crosslinking ratios. He presents hypotheses to account 
for crosslinking, the effect of additives on polymeric 
solutions, and radiation-induced ionic reactions in 
polymerization. 

Radiation effects on monolayers are considered 
from the biological standpoint by F. Hutchinson. He 
discusses the influence of adsorption on the sensitivity 
of enzymes. This is followed by an examination of 
radiation action on monomolecular layers in the cell. 
The effect on membrane leakage and rupture as 
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possible mechanisms for apparent yield amplification 
is emphasized. 

Three related theoretical chapters on the transfer 
of electronic energy complete the volume: Collective 
Excitation, by U. Fano, Excitation Transfer by Th. 
Forster, and Energy-transfer Processes (in non-ordered, 
non-collective systems) by H. Kallmann. Of con- 
siderable interest is the extended discussion after the 
paper by Forster. Here occur a readily comprehended 
redefinition of collective excitation, aspects of 
fluorescence emission and quenching, and _ spatial 
determinants of different types of energy transfer. 
This discussion illustrates strikingly the tremendous 
gap in duration between the physicist’s exciton 
transfer and the biologist’s chemically-altered mole- 
cules. 

A major purpose of the volume was “‘to relate 
elementary processes to subsequent physico-chemical 
events and final biological effects for each type of 
radiation”. Nor surprisingly, this ambitious aim has 
not been achieved—largely because of the embryonic 
state of exact knowledge in these areas. However, the 
collection does succeed in indicating the status in 
areas of rapid flux in radiation research. For some 
readers it will enhance understanding of primary 
mechanisms; the discussions contribute largely in 
this respect. For many it will engender awareness of 
problems in cognate areas and suggest unsuspected 
correlations. his appears to be an adequate justifica- 
tion for not only the present volume but also the 
conference which produced it. 

Though the book is predominantely physico- 
chemical in approach, the botanist engaged in 
radiation research will probably consider the papers 
by Swanson, Hendricks, Rupert, Ebert and Hutchin- 
son of immediate interest. Certain chapters appear 
to be well suited to seminars in radiobiology. ‘The 
radiation biologist interested in molecular and sub- 
molecular mechanisms will find this compilation a 
sophisticated and provocative treatment of radiation 
phenomena in condensed systems. 

This reviewer was nonplussed to find instances 
where a discussant comments trenchantly about a 
section of a paper, the author then having apparently 
deleted or revised the section to leave the discussant’s 
comments either without antecedent or inapropos. 

The editors are to be commended for the rapidity 
with which the volume was published. ‘This timeliness 
perhaps compensates for the use of photo-offset and 
inexpensive paper, a use apparently not reflected in 
the price. The haste in publication probably contri- 
buted to the numerous errors in the Discussant Index, 
which, along with references, author and subject 
indices terminate the book. 

S. A. GoRDON 
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Radiation Protection and Recovery. Edited by 
ALEXANDER HOLLAENDER. Pergamon Press, New 
York 1960. 392 pages. $10.00. 


THis book is Volume 7 of the International Series of 
Monographs on Pure and Applied Biology, Modern 
Trends in Physiological Sciences Division. It repre- 
sents the first full-length treatment of all aspects of 
protection against and recovery from radiation 
damage. ‘The book consists of twelve chapters (one 
of which is a two-page introduction), each written by 
a different author or group of authors. All but one, 
however, is or has been associated with Oak Ridge 
National Laboratory—the lone exception is Peter 
\lexander—-so that the book represents pretty much 
a one-organization viewpoint. This is not necessarily 
bad, since most of the authors are well-recognized 
authorities in their fields. ‘The positive advantage of 
this system is that all parts of the book are reasonably 
up-to-date (through the end of 1959); an editor 
whose contributors are also his employees has certain 
persuasive powers at his disposal to make sure that 
deadlines are met. 

There are four chapters on mammalian radio- 
biology (chemical protection postirradiation therapy, 
delayed effects, and antibody formation), which 
comprise about 40 per cent of the book. ‘'wo chapters 
deal primarily with microorganisms, two with plants, 
two with a variety of materials (genetic protection, 
cellular effects}, and one with in vi/ro effects on 
macromolecules, both natural and synthetic. Except 
for the chapter by John Jagger on photoreactivation 
after ultraviolet damage, most of the book treats the 
problems of protection against ionizing radiation. 

Because of the high degree of specialization of the 
various sections, a lone reviewer cannot possibly be 
sufficiently well informed to review critically each 
chapter. Most of the contributions are well written, 
except for an occasional split infinitive, and provide 
comprehensive treatments of the specific subjects. 
The documentation is ample; the average number 
of references per chapter is over 140, most of which 
are quite recent. Most authors also cite a number of 
reviews of earlier work, but the emphasis for the most 
part is on the accomplishments of the last five to ten 
vears. 

Probably the most difficult assignment was that 
given to D. G. Doherty, whose responsibility it was 
to write a concise review of chemical protection in 
mammals. Doherty has chosen to concentrate 
principally on the sulfhydryl compounds, which 
after all are the most effective protective agents 


known. However, there are a large number of 


pharmacodynamic agents, particularly the biological 
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amines such as serotonin and histamine, that are 


extremely interesting from an academic standpoint, 
which have received scant attention. 

Doherty favours the hypothesis of free-radical 
scavenging as the principal mechanism of protection 
by thiols, a view that is not held by a number of 
other experts in the field. The possibility that thiols 
may act by interacting with cellular components to 
decrease radiation damage is not discussed (except 
for the mixed disulfide hypothesis of Pihl and 
Eldjarn); it seems probable that protection from 
thiols results from an alteration of cellular constituents 
similar to that produced by anoxia. 

A number of people will be surprised by the state- 
ment (p. 69) that “. . . there is little question that 
radiation alters the sulfhydryl content of tissues”, 


in view of the negative findings of Patt (chemical 


analysis) and ‘Teiger (histochemical study). One of 


the two references cited for this statement pertains 
only to serum proteins; according to the other 
reference (Ginzburg ef al.), “. . . the SH group 
content remained unchanged”’. 

These criticisms are perhaps rather unimportant, 
since the chapter as a whole is admirably written. 


Nevertheless, my feeling is that the presentation of 


this complex and controversial subject is somewhat 
one-sided, although it is true that Doherty recognizes 
that the controversy is not completely resolved. 

One could wish that the index had been prepared 
with greater care and consistency. For example, 
there are separate index entries (not cross-referenced ) 
to “cyanide” and “sodium cyanide”, but the dis- 
cussion of this compound in mammalian protection 
is not indexed at all. There is no entry in the index 
for serotonin (5-hydroxytryptamine), one of the best 
of the protective agents in mice; there is not even an 
entry for ‘‘amines’’, although they occupy a fair- 
sized paragraph in the text. Similarly, such topics as 
“cytoplasmic damage’ and “‘metionic state’? are 
not to be found in the index. although they are 
mentioned in the text. 

‘There are a few minor errors and inconsistencies in 
the text, which are of small concern. The over-all 
impression of the book is extremely favourable, and it 
constitutes a valuable source of information on a 
variety of problems in radiation protection and treat- 
ment. Specialists may find a few things to complain 
about in the treatment of their favourite subjects, 
but almost anyone interested in radiobiology can 
profit from reading this book. 

Joun F. ‘THomson 
Divisional of Biological and Medical Research, 
Argonne National Laboratory, 
Argonne, Illinois. 
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Radiation Biophysics. Howarp ANDREWS. 
Prentice-Hall, Englewood Cliffs, N.J., 1961. 
xii +328 pp. $8.50. 


With the increasing application of physical tech- 
niques and principles to the solution of biological 
problems, today’s biologist must have a sound training 
in basic physics, chemistry, and mathematics. Since, 
in general, a physicist may learn biology more easily 
than a biologist can learn physics, a new type of text 
is necessary to permit the biologist to recognize and 
understand physical concepts. Howard L. Andrews 
has achieved this goal in writing Radiation Biophytses, 
probably the only satisfactory textbook for an under- 
graduate course in radiation biology for students of 
biology and medicine. Students physics or 
chemistry may find this book superficial, but for 
those who lack the sophistication to appreciate a 
more detailed treatment it offers an escape from 
much confusing detail. 

The lucid and well organized text is divided into 
16 chapters with each subdivided into 10-20 headings 
of about |-2 pages. In general, the material covers 
the sources and production of radiation, the detection 
and measurement of radiation, and the physical and 
biological effects of radiation. Where practical, 
mathematical descriptions of radiation phenomena 
are given as well as illustrative numerical examples. 
End of chapter exercises cover the main points of the 
material in the chapter and a bibliography provides 
reference to the more detailed standard texts; foot- 
notes occasionally provide reference to the original 
papers. Unfortunately there are a number of typo- 
graphical errors which are frequent enough to be 
distracting. 

R. WoopLey 


Regulations for the safe transport of radio- 
active materials, Salety Series No. 6, Inter- 
national Atomic Energy Agency, Vienna 1961, 


72 pp., 8 Figs., 13 ‘Tables. 
THE aim of this compact little volume is to provide 
uniform safety rules for the international transport 
of radioactive materials by land, water and air. It 
is based on existing regulations but these have been 
synthesized and amended. ‘The result is a compilation 
that covers every conceivable aspect of the problem 
in an orderly fashion so'that a neophyte can quickly 
become quite well informed about the requirements. 

After a good statement of general principles and 
of the general packaging requirements, sections are 
devoted to limitations on the quantities of isotopes 
of varying degrees of hazard to be shipped in different 
package types. Limitations are also specified for 
external dose rates. 


Considerable attention is given to conditions 
required for transport of fissile materials and of larg 
radioactive sources. Miscellaneous matters covered 
include standards for labelling and marking, trans- 
port documents, loading and storage, contamination 
ol conveyances, etc. Three annexes contain a selection 
of technical data pertinent to transport problems. 

\lthough individuals concerned with shipping 
must perforce be familiar with the established rules 
of their own country, this set of detailed, well 
organized standards should serve a variety of useful 
purposes. It will be of great assistance to nations who 
do not yet have well developed standards, it should be 
a strong influence towards a reasonable degree of 
world-wide uniformity and it will be valuable as a 
training and reference document. 

F. P. Cowan 
Brookhaven National Laborator L'pton, N.Y. 


Radiation in Agricultural Research and 
Practice. Kainpt K. and Linser H. (1961 
International Atomic Energy Agency, Vienna. 
Review Series No. 10, pp. 47. 

THis review deals largely with the use of ionizing 

radiation in crop improvement by inducing desired 

mutations or by the stimulating effect of irradiation. 

Many desirable mutations involving morphological 

characters, disease resistance and greater yields have 

been obtained in crop plants during recent decades. 

These results were usually obtained by irradiation of 

the seeds with X-rays, gamma rays or neutrons. 

The use of radioactive solutions or radioactive 
fertilizers have not been effective in crop improve- 
ment in the United States or western Europe, but 
eastern European workers report a stimulating effect 
on yield. The irradiation of seed with low doses of 
X-rays is also reported to stimulate growth of the 
seedling. 

Somatic mutations in fruit trees are induced by 
subjecting scions to irradiation, or by growing the 
trees in a gamma field. The use of irradiation to 
sterilize and eradicate insects is also reviewed. A 
total of 124 references are cited. 


K. Sax 


Fundamentals of Radiobiology. I. M. BAco and 
P. ALEXANDER (1961). 2nd edition. Pergamon 
Press, Oxford, xii. plus 555 pp., many ill. $12.00. 

THis new issue of a well-known text is, as the pub- 

lishers claim, a “‘completely revised second edition”’. 

Scientists familiar with the first edition will find this 

a very different, and improved, book. In this field, 

it is pleasant to read a book which is both interesting 

and well written. 
It is, in fact, a complete textbook of radiobiology, 
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for it commences with Interactions of ionizing radia- 
chap. | 


biological systems (2), Dose response 


tions with matter goes to Direct and in- 


direct action 1n 
relationships in chemical and biological systems (3), 
then covers radiation chemistry, effects at the cellular 


level, pathology, and other subjects, ending up with 


bone-marrow treatment and human experience. ‘The 


mayor nterests of the authors-—chemistry and 


chemical effects, animal and especially mammalian 


effects——are preserved. Of the twenty-one chapters, 


it least e are devoted entirely or primarily to 


chemical or biochemical aspects. Basic mechanisms 


are strongly emphasized throughout. Some of the 


chapters on major subjects are excellent, and will 


serve as more recent replacements to similar chapters 


in the’ earlier 1953—54 standard reference, 


Hollaender’s Radiation Biology. 


[his is not a book for the botanist interested 


primarily in effects of radiation on plants, or desiring 


to inform himself generally on the subject. Botanical 


aspects, except at the cellular or basic mechanism 


level, receive fairly short notice. But it is an essential 
book for reséarch workers in the field and would be a 
good, though expensive and long, textbook. 

ALAN D. CONGER 


EDITOR’S NOTE 


INTERNATIONAL CONGRESS OF 
RADIATION RESEARCH 
HARROGATE, YORKSHIRE, ENGLAND 
5th-llth AUGUST, 1962 


SECOND 


THe deadline for abstracts, and registration at the 
standard fee (£8 or $24), is January 15th,1962. Please 
write to the Secretary-General, Mount Vernon 
Hospital, Northwood, Middlesex, England. Congress 
headquarters will be the Majestic Hotel, where many 
of the sessions will be held. 
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MUTATION INDUCTION BY PROEMBRYO IRRADIATION* 


L. W. MERICLE and R. P. MERICLE 
Biology Department, Brookhaven National Laboratory, Upton, Long Island, New York and 
Department of Botany and Plant Pathology and Physics Department, Michigan State University, 
East Lansing, Michigan 
(Recewwed 15 November 1961 


Abstract—In mutation breeding programs for many cereal crops, pollen irradiation has 
not proved to be a practical method for mutation induction, although theoretically the method 
of choice. ‘The more commonly used procedure, that of irradiating dry seeds containing fully 
differentiated, “‘mature”’ embryos, has as its principal drawback the small size of the isomutant- 
carrying sector which can be produced in the R-1 plant. As a consequence of the small R-2 
isomutant populations thus available for testing, screening procedures must usually be delayed 
until the R-3 or later generations. In this study, irradiation of proembryo stages has been 
investigated with regard to the practicality of using this method for mutation induction in 
cereal crops such as barley. By using albino mutations as genetic sector markers, we find that 
irradiation of barley proembryos with a relatively low total dose will yield much larger 
isomutant-carrying sectors and consequently far greater number of isomutant R-2 plants, 
with a comparable mutation frequency and less sterility than can be obtained by dry seed 
irradiation. Of great importance to the plant breeder is the possibility that the screening for less 
drastic mutations and multiple testing can be carried out at least one generation earlier by 
virtue of the larger isomutant populations produced by proembryo irradiation. Despite the 
more cumbersome handling involved during radiation treatment, the advantages which 
proembryo irradiation afiords over dry seed irradiation would seem to recommend this method 
for cereal crops in those situations wherein pollen irradiation is not practical. 


The publishers regret the French and German translations 


were not available at the time of going to press 


*Research carried out at Brookhaven National Laboratory under the auspices of the U.S. Atomic Energy 
Commission and at Michigan State University with the partial support of All-University Research Grants. 
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MUTATION INDUCTION BY PROEMBRYO IRRADIATION 


The publishers regret the French and German translations 


were not available at the time of going to press 


INTRODUCTION 
induction of mutations by 


WHEN 


radiation is being undertaken to provide an 


IONIZING 


increased genetic pool for selection of desirable 


characteristics, it is always advantageous to 
secure as large an isomutant*-carrying sector 
as possible in the R-| plant. Pollen irradiation 
should in many cases, therefore, be the theoreti- 
cal method of choice because of the subsequent 
heterozvgotic state of all cells in the resulting 
R-1 plant for any induced mutation. If the 
mutant-carrying sector in an R-1 plant can 
provide sufficiently large numbers of isomutant 
R-2 plants, detection and selection of desirable 
mutations can be carried out by the plant 
breeder as early as the R-2 generation, not only 
for most dominant but even for many recessive 
mutations. The need for large isomutant 
populations becomes particularly acute when 
screening for less drastic mutations which 
require groups of isomutant plants for detection, 
or when the mutant test populations are to be 
subdivided in order to screen simultaneously 
for resistance to several different pathogens. 

In cereal crops such as barley, not only are 
the plants normally self-fertilizing but also the 
artificial 


technical cross- 


pollination are difficult and tedious. For these 


requirements for 


*The term “‘isomutant’’ as used here implies 


possession of the same induced mutation. 


reasons, among others, pollen irradiation has in 
general not proved to be a practical method for 
mutation induction in many cereal crops. 
Instead, irradiation of dry seed containing fully 
differentiated, “*mature’> embryos has been the 
Despite the fact that 


common procedure. 


radiation doses must be in the kr range, this 
latter method has been used to advantage by 
many investigators, chiefly because of the ease 
with which large amounts of material can be 
handled during irradiation. By far the principal 
drawback to dry seed irradiation is the small 
size of the mutant-carrying sectors obtained. 
The consistent finding of cytological chimeras 
within R-1] barley heads following irradiation, 
led MacKey®? to assume that each of the head 


primordia present in the “mature” embryo of 


the dry seed is multicellular. On the other hand, 
Catpecotr and 
suggest that individual heads each originate 


similar studies by 


from single, but different, cell initials. More 
recently, GAUL™ has obtained genetic evidence 
(by using chlorophyll mutations as sector 
markers) which indicates that each of the first 
five heads produced in a barley plant is usually 
represented in the embryo of the dry seed by 
about four cell initials. While there is apparently 
little or no selection against a radiation induced 
mutation in any one of these initials, the net 
effect is a mutant-carrying sector occupying 
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but a portion of one of the five heads. Only 
with the lethalizing action of high radiation 
doses will sufficient numbers of initials be 
eliminated to result in a head primordium 
arising from only a single viable initial. Even 
under these circumstances, where the sector 
derived from such an initial could comprise 
one entire head, the yield for testing purposes 
still falls far short of that desired. As a con- 
consequence, then, of the small size of the 
isomutant R-2 test populations produced by 
dry seed irradiation, screening for less drastic 
mutations and multiple testing must usually be 
delayed until the R-3 generation or even later. 
Only in late-formed tillers of highly tillering 
plants did Gaut find evidence for more than one 
head developing from a single common initial. 
The occurrence of lower mutation rates in these 
tillers suggested, however, that an earlier 
selection against mutant-carrying cells had 
occurred. Thus, the search for such sectors 
would require the screening of extremely large 
numbers of tillers from each R-1 plant. 

In the face of the difficulties besetting pollen 
and dry seed irradiation methods for induction 
of mutations in barley, we decided to investigate 
whether irradiation during embryogenesis might 


not afford a worthwhile alternative to both of 


the above-mentioned methods. As long ago as 


1930, STADLER suggested that irradiation of 


immature embryos might be appropriate under 


some circumstances, especially in self-fertilizing 
species, but to our knowledge his suggestion 
has never been put into operational use. As a 


result of our previous work with the effects of 


radiation on developing barley embryos (for a 
review of acute radiation aspects, see MERICLE 
and Mericie), we anticipated that we should 
concentrate on acute radiation of proembryo 
stages (pre-organ-differentiation) if we were 
readily to obtain isomutant-carrying sectors in 
the R-1 plant which would encompass more 
than one head of the first few formed. Since the 
irradiation of proembryos must be carried out 
in situ as they develop on the parent plant, 
we chose to use a gamma, Co® source rather 
than an X-ray machine so that large numbers 
of proembryos could be irradiated  simul- 
taneously. This choice would not have been 
possible, however, had not the radiosensitivity 


of these young stages been sufficiently great 
that high enough acute radiation doses were 
feasible from a gamma facility such as the out- 
door gamma _ field located at Brookhaven 
National Laboratory. The problems to be 
resolved, therefore, became those of determining 
how late in proembryo development radiation 
could be applied in order to produce mutant- 
carrying sectors of the desired size and location, 
and to determine whether the frequency with 
which these sectors can be produced would 
make practical this method for mutation induc- 
tion. 


MATERIALS AND METHODS 

The barley used in this experiment, Hordeum 
distichon, L. (H. distichum, L., emend. Lam.) var. 
Hannchen (C. 1. 531), is from a long inbred 
line used extensively by the authors in previous 
radiation experiments. This variety was origin- 
ally chosen because it produces numerous 
grains per head in the same stage of embryonic 
development, providing the four basal and four 
terminal grains are discarded. ‘The parental 
plants were grown in pots out-of-doors at 
Brookhaven National Laboratory in the spring 
of 1959. At selected times following fertilization 
within the main heads, the plants were moved 
into the Brookhaven outdoor gamma (Co®® 
field for acute radiation exposure. Just prior to 
irradiation, samples were taken from the main 
heads to determine, histologically, the embryonic 
stage within each head. All irradiated embryos 
received total exposure doses of 800 r at dose 
rates of 41-2, 19:5, or 10-9 r/min from the 
approximately 2-2 ke source. Following irradia- 
tion, the plants were returned to the control 
area where they remained until the grains of the 
main heads matured and were harvested. 
Control plants were handled identically, in- 
cluding being subjected to the same transporta- 
tion manipulations, but received no radiation. 

Germination of the R-1l generation, using 
grains of only the main head (with the four 
basal and four terminal grains discarded), 
was carried out according to methods previously 
described with the R-1 plants being grown 
to maturity in greenhouses at Michigan State 
University. Similar methods were used for 
germination of R-2 plants. Data regarding 
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embryo abortion, germination and seedling 
lethality, and growth anomalies within the R-1 
generation have been previously reported.” 
For the purposes of the present study only 
mutations to albinism were scored since they 
constitute some of the most objective and easily 
detectable mutant seedling characteristics. Initial 
screening for the presence of albino mutations 
was restricted to the main head 
those R-| plants which survived to maturity, 
produced viable grains in all of the first five 
heads formed, and contained within the main 
head at least eight grains which upon germina- 
tion gave suflicient shoot development in the 
seedling to permit critical scoring for albinism. 
When under these 


albinism was found, then the next four tillers 


conditions segregation for 


were also screened for the presence of albinism. 
The results from proembryo irradiation herein 
reported consist, therefore, of the sector size 
and frequency with which albino mutations 
were detected in the main head as well as one 
or more additional heads among the first five 


heads formed in R-1 plants. 


RESULTS AND DISCUSSION 


1709 irradiated but non- 
R-|] 


obtained which met all of the above described 


From a total of 


aborted proembryos, 387 plants were 


specifications for initial screening. Among these 
plants, mutation to albinism was detected in 
both the main head and at least one additional 
tiller in twelve instances. Both main and tiller 


heads exhibited a severe 


y 


ation frequency for 
albinism of 19 per cent, a value which agrees 


8) 


well with those of other investigator and 
which suggests that each of these heads per se 
was non-chimeric prior to melosis. 

In the particular variety of barley used in 
mutation to 


fact, 


this experiment, spontancous 


is extremely rare; in albinism 
been observed in any non-irradiated 


albinism 
has nevet 
plants which have been utilized in our studies 
over the past eight years. It is highly improbable, 
therefore, that the recovery of albino mutants 
from more than one of the first five heads of an 
R-| plant could be due to the simultaneous 
occurrence of independent mutation events in 
two or more head primordia of the same plant. 
Thus, it is reasonable to assume that the presence 


~ PROEMBRYO IRRADIATION 


first formed) of 


of albinism per se in an R-1 plant is the result 
of a single mutation in one cell of the irradiated 
the heads 
segregating for this mutation is an indicator 


proembryo, and_ that number of 
of the size of the mutant-carrying sector and 
of the contribution made by this single mutated 
cell to the subsequent development of the entire 
plant. 

‘The 


mutant-carrying sectors we 


the twelve 


obtained, 


distribution and size of 
which 
encompassed more than one head, are shown in 
Table | according to the specific proembryo 
The proembryo 


stage designations follow those of our earlier 


stage originally irradiated. 


studies,“ with stage a denoting the fertilized 
or zygote, and stage g, the last stage of 


55 
proembryo development just prior to organ 
differentiation, Fig. 1. indicate 
that although, from stage d on, two initials may 


These results 


survive an acute gamma radiation dose of 800 r 
to contribute jointly to the formation of the 


I 

t 

+, 


Fic. 1. Representative developmental stages in barley 
embryogeny: a (zygote), b, c-d, early proembryos; 
e-f, mid-proembryo; g- 1, transition from late pro- 
embryo to early differentiating embryo; 2-3, early 


fully 


mid-diflerentiation; 6, 


differentiation; 4-5, 
differentiated, 


‘mature’ embryo. 
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Table 1. Size of albino-carrying sectors obtained following irradiation of barley proembryos at specific stages in embryogeny 


with 800 r Co® gamma rays. Based on the number of heads segregating 
R-1 plants which produced at least 8 scorable seedlings from the main head and in which the ma 


for albinism among the five heads formed in those 
in head segregated for albinism. 


Proembryo Stage Segregation for Albinism 


Irradiated = 8 scorable 


seedlings /head 


Number of Heads 
Nonsegregation for Albinism 
8 scorable > 8 scorable 


seedlings/head seedlings/head* 


b 5 1) 0 

b 0 

( 5 0 0 

3 0 

d Zz 2 1 (27 

d 0 

e 3 0 2 (30, 26 
€ 3 

€ 2 l 2 (14, 11 
5 0 

f 2 0 3 (23, 24, 23 
g 3 0 2 (14, 26 


-*Numbers in parentheses indicate the number of scorable 
gate for albinism but which produced more than 8 scorable seedlings. 


segreg 


first five heads of an R-1 plant, isomutant- 
carrying encompassing three entire 
heads can be produced by irradiating at any 
time during development. The 
effective time for obtaining such sectors by 
proembryo irradiation is, therefore, not critical, 


sectors 


pre vembryo 


covers approximately a week under usual 
greenhouse conditions, and can be estimated 
reasonably well by macroscopic examination of 
the developing ovaries within the heads. 
Isomutant-carrying sectors encompassing all 
five heads of the first five formed are, of course, 
to be expected following irradiation of one and 
two-celled proembryo stages. This same situa- 
tion may obtain, however, during later pro- 
embryo stages when the total dose and/or dose 
rate is sufliciently high to cause elimination of 
cell initials. For example, irradiation of a 
proembryo even as late as stage f produced an 
albino mutant-carrying sector which gave rise 
to all five of the first five heads formed in the 
R-1 plant, Table 1. Furthermore, following 
irradiation of this 
evidence from other radiation effects such as 
dwarfing, leaf abnormalities, and sterility 
indicates that all of the above-ground portions 


same proembryo stage, 


seedlings/head from those heads which failed to 


of the plant can be derived from a single sur- 
viving cell initial. 

In contrast, GAuL™ has found that isomutant- 
dry seed 
head 


from 
than 


carrying sectors realizable 


irradiation more one 
only in very late developing tillers if formed), 
making their detection impractical for most 
breeding programmes. If screening procedures 
are to be more reasonably restricted to the first 


encompass 


five heads, the average sector size which can 
be expected from dry seed irradiation is only 
a part of one head. Even though this sector 
size can be increased to an entire head among 
the first five formed, the necessity for using 
high radiation doses to eliminate adjacent cell 
initials leads to an accompanying undesirable 
increase in sterility. 

The sector size advantage which proembryo 
irradiation holds over dry seed irradiation can 
also be expressed in terms of the size of the R-2 
isomutant population available for testing. Let 
us assume an R-1 head fertility in a two-rowed 
barley variety to be 20 grains/head, with a 
mutant segregation frequency of 20 per cent, 
and with screening restricted to the first five 
heads formed. Dry seed irradiation could be 
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expected to produce only about 1—4 isomutant 
plants (the latter occurring only at high doses). 
But because of the low fertility encountered with 
radiation of 20,000—30,000  r, 


this number is likely to be reduced by half or 


doses however, 


more, so that many mutations, even if drastic 
enough to permit single plant discrimination, 
will probably remain undetected until the R-3 
generation, Proembryo irradiation, on the other 
as 12-20 
isomutant R-2 plants from a single R-1 plant 
and 


hand, can easily result in as many 


if only the first five heads are screened 


may yield isomutant segregants from all of the 


heads produced by that plant. Thus, not only 


is the recovery of an induced mutation more 
probable, but also multiple testing procedures 
and detection of more subtle mutations might 
the 


generation, with a considerable saving of both 


well be accomplished as early as R-2 
time and space. 

The frequency with which large isomutant- 
the 


accompanying sterility are important factors in 


carrying sectors can be produced and 
evaluating the practicality of proembryo irradia- 
tion. In our data albino-carrying sectors com- 
prising the main and one or more tiller heads 


were detected in as many as 5 per cent of the 


screened R-| plants, Table 2. A breakdown of 


the data according to dose rate suggests that an 


inverse dose-rate dependency may exist in 


proembryos for the induction and/or recovery of 


albino mutations. Although the differences in 
frequency are not satistictally significant on the 


basis of the number of heads tested in this 


Table 2. Mutation rates to albinism following irradiation of barley proembryos with 800 r Co® 


MUTATION INDUCTION BY PROEMBRYO IRRADIATION 


experiment, further investigation of this possible 
dose-rate dependence is definitely warranted. 
If by rates, the 
practicable total radiation dose can be raised 


using relatively low dose 
leading to an increase in the frequency of 
mutation induction, and if at the same time the 
recoverable mutation yield can be preserved 
by keeping the concomitant sterility low, this 
would have great significance for the plant 
breeder. 

Because our test populations were screened 
only for mutations to albinism, the mutation 
frequencies which we derived must be adjusted 
before comparisons can be made with those 
reported by other investigators who have scored 
collectively for all types of chlorophyll abnor- 
malities. Since albino mutations usually con- 
stitute about 50 per cent of all chlorophyll 
mutations detected in barley,“ we can for 
comparison purposes consider that our recovered 
mutation rates are double those of the actual 
experimental values. ‘Thus, the highest mutation 
with the lowest of the three 
dose rates used) would become adjusted to 
10 per cent when calculated on an R-1 spike 
basis, a value which compares favourably with 


rate we obtained 


that of 12 per cent obtained by GauL™ follow- 
ing X-radiation of dry seed with 30,000 r. On 
an R-2 plant basis, which GauL® prefers to 
use in expressing mutation rates, our lowest 
dose rate yields an adjusted R-2 mutant plant 
frequency of 2 per cent and a cell initial muta- 
tion rate of 11 per cent, Table 3. These values 
are very similar to those obtained by GauL™® 


gamma rays. Based only on 


those instances in which the mutant-carrying sector encompassed the main head as well as one or more tillers. 


Dose Rate. r/min 


Main Heads Only 
Number tested 


Number segregating for albinism 
Per cent segregating for albinism 


Plants From Main Heads Only 


Number scorable 

Number albino 

Per cent albino 

Per cent mutated cell initials 


19-5 10-9 
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Radiation 
Material 
Irradiated ‘Total Dose, Dose Rate, 
‘Type r r/min 
Proembryos* 800 41-2 
+ 800 19-5 
800 10-9 
Dry Seedt X 10,000 154 
20,000 154 
X 30.000 154 


— Number Sterility 


Number 


% R-2 % Mutated 


R-| % R-2 Mutant Cell 
Heads Control Plants Plants Initials 
109 21-41 2069 0-29 1-45 
136 23-73 2612 1-15 5-74 
142 15-55 2982 2-21 11-06 
278 21-76 7873 0-89 $45 
240 37-05 4919 2-03 10-17 
119 47-73 2236 3-85 19-23 


in the first and second heads (pooled data) of 
R-] plants irradiated with 20,000 r as dry seeds 
and grown widely spaced in the field. 
Following dry seed irradiation with 30,000 r 
X-rays, GAuL™ achieved a mutation rate (on a 
cell initial basis) of 19 per cent. In such material 
the isomutant-carrying sector size reached as 
much as one entire head; however, concomitant 
sterility was nearly 48 per cent. Thus, the 
advantage to be derived from maximum sector 
size was largely overshadowed by the small 
size of the total R-2 population available for 
testing. Lower radiation doses of 20,000 r gave 
improved fertility but with a decreased mutation 
rate and smaller sector size. Since the number 
of isomutant segregants which could be expected 
per recovered mutation is, therefore, nearly the 
same for doses of either 20,000 or 30,000 r, 
the only true advantage of the higher radiation 
level lies in the increased mutation rate induced. 
By contrast, in our experiment, irradiation of 
proembryos has yielded the highest mutation 
rate in those plants having the highest fertility, 
yet also possessing large isomutant-carrying 
sectors. In fact, a cell initial mutation rate of 
11 per cent has been achieved with proembryo 
irradiation for sectors at least four times as 
large and with less than half the sterility, 
leading to a greater than thirteen-fold increase 
in the number of R-2 isomutant plants, as 
compared with that from a comparable muta- 


*Proembryo irradiation, R-| plants greenhouse grown, main heads only scored. 
tDry seed irradiation, based on data of Gaui,“ R-1 plants field grown, widely spaced, heads | and 2 pooled. 


tion rate in irradiated dry seeds, Table 3. 
Furthermore, the apparent high efficiency of 
relatively low dose rates and total radiation 
dose suggests that this aforementioned mutation 
rate in proembryos can be considerably 1in- 
creased above this value without undue sacrifice 
of either fertility or sector size. Because of the 
ease with which large isomutant R-2 populations 
can be produced, proembryo irradiation would 
thus appear to have decided advantages over 
dry seed irradiation in situations wherein 
pollen irradiation is impractical, despite the 
more cumbersome handling involved during 
radiation treatment. The possibilities which 
proembryo irradiation affords in making possible 
the screening of less drastic mutations and, 
especially, of carrying out multiple testing a 
full generation earlier, would seem definitely to 
recommend that this method of mutation induc- 
tion be initiated for large-scale trials in cereal 


crops. 


Acknowledgements—TYhe authors wish to thank the 
Health Physics Department at Brookhaven National 
Laboratory for aiding with the dosimetry of the 
BNL gamma field for this experiment. In addition, 
we appreciate the stimulating discussions with Drs. 
R. L. Kresuinc and E. A. ScowINGHAMER concerning 
this problem, and wish to acknowledge the assistance 
of Mr. W. F. CampsBecy and Miss P. Hit in helping 
to carry out certain phases of this investigation. 


‘ 
. 
‘ 
\T 
J 
J 
| 
Sites 


MUTATION INDUCTION BY 


REFERENCES 


CaupecoTt R. S. and Smirn L. (1952) A study 
of X-ray-induced chromosomal aberrations. 
Cytologia, Tokyo 17, 224—242. 

EMRENBERG L. (1955) Factors influencing radia- 
tion induced lethality, sterility, and mutations in 
barley. Hereditas, Lund 41, 123-146. 

Gaut H. (1960) Critical analysis of the methods 
for determining the mutation frequency after 
seed treatments with mutagens. Genet. Agr. 12, 
297-318. 

Gaut H. (1961) Studies on diplontic selection 
after X-radiation of barley seeds. Symposium on 
the Effects of Ionizing Radiation on Seeds and Thetr 
Significance for Crop Improvement. Rarlsruhe, 1960. 
International Atomic Energy Agency, Vienna. 


In press. 


PROEMBRYO IRRADIATION 


Mackey J. (1951) Neutron and X-ray experi- 
ments in barley. Hereditas, Lund 37, 421-464. 
Mericte L. W. and Mericte R. P. (1957) 
Irradiation of developing plant embryos—l. 
Effects of external irradiation (X-rays) on barley 
embryogeny, germination, and subsequent seed- 
ling development. Amer. J. Bot. 44, 747-756. 
MericLte L. W. and Mericie R. P. (1961 
Radiosensitivity of the developing plant embryo. 
Fundamental Aspects of Radiosensitivity. In Brook- 
haven Symposia in Biology 14, 262-286. Brookhaven 
National Laboratory, Upton, New York. 

Mou C. C. and Surrn L. (1951) An analysis of 
seedling mutants (spontaneous, atomic bomb- 
radiation, and X-ray-induced) in barley and 
durum wheat. Genetics 36, 629-640. 

STapLeR L. J. (1930) Some genetic effects of 
X-rays in plants. 7. Hered. 21, 3-19. 


202 
j 6. 
4 9 
7. 
> 
Je 
8. 
9. 
VO Le 
196] 
- 
“ae 
‘ 


Radiation Botany, 1962, Vol. 1, pp. 203 to 208. Pergamon Press Ltd. Printed in Great Britain. 


THE EFFECT OF TEMPERATURE ON THE CYTOGENETIC DAMAGE 
INDUCED BY FAST NEUTRONS IN TRADESCANTIA MICROSPORES 
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Abstract—The effect of temperatures ranging from 0° to 36°C on the induction of chromo- 
some aberrations by 50 rads of fission neutron irradiation has been studied. There was no 


significant difference between two treatments at 23°C when one was in air and the other in 


nitrogen, nor between two treatments in nitrogen, one at 23°C and the other at 36°C. How- 


ever, In nitrogen at 0°C. more chromosome exchanges (rings and dicentrics) were found than 


when radiation was delivered at 23°C. Various mechanisms by which fast neutron irradiation 


bic 


at low temperatures could influence the production of chromosome aberrations under anaero 


conditions are discussed. 


The publishers regret the French and German translations 


were not available at the time of going to press 


INTRODUCTION in response to physical and chemical changes in 
ALTHOUGH many factors alter the degree of the cell system.‘ 1% On the other hand, with 
chromosome damage induced by X and gamma_ electromagnetic radiations such modifiers as 


been water content, oxygen concentration, and 


rays, very few agents or conditions have 
found effective in changing the amount of temperature play an important role in con- 


cytogenetic damage produced by fast neutrons. ditioning the amount of biological damage 
(11,15) 


Biological damage produced by densely ionizing induced 
> | d ~ 

radiations, such as fast neutrons and alpha The importance of temperature in altering 
particles, is characterized by very small changes the magnitude of chromosome aberrations 


*Present address: Entomology Research Division, Agric., Res. Serv., U.S. Dept. of Agric., P.O. Box 252, 


Kerrville, Texas. 
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produced by X-rays has been repeatedly 


demonstrated (see Discussion and the review 


by However, temperature effects 
with fission neutrons have not been studied. 
The present experiments were undertaken to 
determine what influence. if any, temperature 
might have on chromosome aberrations induced 


by fast neutrons. 


METHODS 
The irradiated material 
inflorescences from a clone of Tradescantia 
palud sa (Clone 5 of Sax 


solution. Five treatments were conducted. the 


grown in nutrient 


first in air and the subsequent four in nitrogen. 
All five were performed on the same day, within 
an hour, with each group irradiated separately. 
The inflorescences were placed in a_ Lucite 
chamber fitted with two-way valves into which 
gas could be introduced. In the four treatments 
in which irradiation took place in nitrogen, the 
irradiation chambers containing the inflores- 
cences were evacuated twice before the treat- 
ment, and nitrogen (99-99 per cent pure) was 
flowed through the chambers for one min. 
The chambers were then sealed under slight 
positive pressure and returned to the tempera- 
ture cabinets until irradiation. The gas was 
introduced into the chambers 15 min_ before 
irradiation. The treatment chambers were kept 
in the dark the entire time. except for the brief 
period during their transfer from the tempera- 
ture cabinets to the radiation column. Immedi- 
ately after irradiation, the inflorescences were 
returned to normal aerobic conditions. 

In the first fou experiments the temperature 
treatment consisted of a l-hr pretreatment to 
achieve the desired temperature, irradiation at 
the desired temperature, and a 30-min post- 
treatment at the same temperature. In the last 
experiment, the post-treatment was continued 
for 24 hr after irradiation. Prior to irradiation 
each tube was placed between two thicknesses 
of Styrofoam insulator (also at the desired 
temperature), and the entire package wrapped 
in a plastic bag. Each exposure chamber con- 
tained a small thermometer so that the tempera- 
ture inside the chamber could be checked before 
and after irradiation. The temperature varied 
less than 1°C during the experiments. 


THE EFFECT OF TEMPERATURE ON CYTOGENETIC DAMAGE 


consisted of 


The fast-neutron irradiation was performed 
in the thermal column of the Brookhaven 
reactor with a U** “converter plate” placed in 
the bottom of an exposure box and covered 
with a l-in.-thick bismuth plate to filter out 
most of the fission gamma rays. The total 
distance between the inflorescences and the 
fission plate was 7-6 cm (2-6 em of bismuth and 


> em of insulating material). The majority of 


the neutrons had energies between 0-5 and 
2-0 meV. The inflorescences were exposed. for 
2 min (estimated 350 rads). The thermal- 
108 Nth/em? 


per sec, and the gamma contamination was 


neutron flux in the column was 6-6 


approximately 14 
After the post-treatment-temperature period, 


the inflorescences were returned to beakers of 


water and stored in a lighted, temperature- 
controlled room (70°F). Four days after return 


to light and normal temperature, the in- 
florescences were fixed in Newcomer's solution 
and stained in propiono-carmine. With this 
procedure, cells irradiated in interphase are in 


metaphase at the time of fixation.¢) Microspores 


in metaphase were scored at a magnification of 


1600 » for 


interstitial deletions: all of these aberrations 


dicentrics, centric rings, and 


require two chromosome breaks for their 
formation. The slides were coded before scoring, 
and all microscopic observations were made by 


one pers¢ mm. 


RESULTS 

The influence of temperature on the number 
of chromosome aberrations induced by 50 rad 
of fission neutrons is shown in Table |. For two 
treatments given at room temperature, micro- 
spores treated in air had more chromosome 
exchanges than those treated in nitrogen, but 
the difference was not significant. Other workers 
have demonstrated significant differences be- 
tween air and nitrogen treatments when fast 
neutrons are used, both in plants and 
animals.“® Chi-square tests of heterogeneity 
showed that there was no significant difference 
between the two treatments in nitrogen at 0°C 
when one had a 30-min and the other a 24-hr 
cold post-treatment, nor between the nitrogen 
treatments at 23°C and 36°C. However, at 
0'C significantly more chromosome exchanges 
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Table 1. The influence of temperature on chromosome aberrations induced by fission neutrons. (Indicated temperatures maintained 
| hr prior to and 30 min afler irradiation ; 2-min exposure, 50 rad.) 


‘Treatment 


‘Temperature Exchanges 


Atmosphere C Number — Per Cell 
168 0-3544 


Air 
124 0-3024 


IS bho 


SoD 


19] 0-3921 


192 0-3096 
165 00-4365 


Total 
Number 
Interstitial Deletions Cells 
Number Per Cell 
55 0-1160 174 
4] 0-1000 110 
99 0-1596 620 
82 0-2169 
70 0-1437 


Examined 


TOTAL 2! 


Chi-square Tests for Chromosome Exchanges 


Comparison of 2 vs. 


Comparison of | vs, 2. 
Pe 
Comparison of 4 
Comparison of 2 
Comparison of 2 


23319 P=—0-50-0-30 

5853 P —0-80-0-70 
2-3424 P —0-50-0-30 
11-5368 P—0-01—0-001 
5-9415 P —0-10-0-05 


0- 


*Inflorescences kept at —1° to 0°C for 24 hr post-treatment. 


were found than when radiation was delivered 
at room temperature. A comparison of the 
treatment at 23°C with the two treatments at 
0°C showed that chromosome exchanges were 
l4 per cent higher in one case and 30 per cent 
higher in the other. Thus, raising the tempera- 
ture above 23°C did not change the number of 
chromosome aberrations induced by fission 
neutrons, but lowering it resulted in significantly 
greater damage. 

Evidently, the effects of fission neutron 
irradiation and low temperature are synergistic. 
It is extremely unlikely that short periods at 
O°C alone can induce chromosome aberrations. 
NiLAn®@®) found no chromosome interchanges at 

80° and Faserce”® noted that treatment of 
Tradescantia at 192°C. had observable 
effect on subsequent cell division, which was 
quite normal in every way. The frequency of 
interstitial deletions was twice as high in the 
material irradiated at OC as in that treated at 
room temperature (compare treatments 2 and 


4). 


DISCUSSION 


Studies on the biological effects of X-rays 
delivered at various temperatures have yielded 


divergent results. In general, the frequency of 
chromosome aberrations has been increased by 
irradiation at low temperatures. 18.20.21) 
This increased sensitivity to X-rays cannot be 
attributed entirely to an increase in oxygen 
solubility at low temperatures, since there is a 
considerable effect of temperature when oxygen 
tension is controlled.“?) However, in the absence 
of oxygen the temperature effect is reversed and 
less damage occurs at lower temperatures,“ !”) 
Comparison of these results with those of the 
present experiment is diflicult, since the type of 
chromosome aberration scored, the atmosphere, 
and the kind of radiation used were all different. 
Major differences in radiological effects between 
X-rays and fast neutrons may well account for 
this difference. 

The results of the experiments reported here 
clearly show that low temperature (0°C 
increases the number of chromosome exchanges 
observed after fission neutron irradiation 
delivered ina nitrogen atmosphere. A definitive 
interpretation of these results as they compare 
with the patterns observed in X-irradiation is 
exceptionally difficult because of the large 
number of factors involved in the production 
of chromosome aberrations. We may consider 
the following possibilities. 
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THE EFFECT 


1) Low temperatures may increase the concentration 
of oxygen in the nucleus and thereby increase the 
indirect effects of neutron irradiation 

It is well-known that oxygen is more soluble 
addition, 
postulated 


in water at low temperatures. In 
and Scumip®?) 
that when respiration is blocked (by cupferron, 
CO, or low 
oxygen would not be used up by respiration 


and could gain access to the nucleus in greater 


have 


temperatures small 


than normal amounts and influence chromo- 


some damage. It seems unlikely, however, that 
increased oxvgen concentration in the nucleus 
with fission 


account for our results 


Four of the five experiments were 


could 
neutrons, 
conducted in 
1 and 2 
relatively unimportant 
irradiation that was practically uncontaminated 


with gamma rays. 


that was 


fission 


treatments shows oxygen 


with neutron 
lherefore, we must look for 


a more plausible mechanism. 


2) Low temperatures may prevent the chromosome 
recovery mechanisms 
Many authors 728 have suggested that 


broken chromosomes require energy for rejoin- 
ing of the breaks produced by irradiation, and 
that metabolic inhibitors interfere with the 
synthesis of energy and, thus, with rejoining. 
If, for a brief period, low temperature and 
anoxia prevented restitution of the neutron- 
induced chromosome breaks, then the formation 
of chromosome exchanges would be favoured. 
However, if these conditions completely pre- 
vented restitution and rejoining, then we would 
expect a very large number of deletions and no 
exchanges; this is clearly not the case. 

The hypothesis re- 


quires the presence of energy-generating systems 


“energy-for-rejoining” 


in the nucleus. SrerN®) maintains that cyto- 
chrome oxidase and flavoproteins are entirely 
absent from nuclei and that the nucleus exists 
in an environment in which aerobic reactions 
are essentially absent. But ALLFREy ef al. have 
demonstrated the presence of aerobic processes 
dependent on oxidative phosphorylation in 
animal nuclei. ‘These factors are of considerable 
importance when plant cells are irradiated in 
experiments 
still 


interphase (as the 
the membrane is 


present 


while nuclear intact. 


OF TEMPERATURE ON CYTOGENETIC 


amounts of 


nitrogen, and a comparison of 


DAMAGE 


After the nuclear membrane has disappeared, 
the chromosomes are perhaps more susceptible 
to systems present in the cytoplasm. In addition, 
STEFFENSEN®?) that energy is 
perhaps not necessary for rejoining per se, but 
required rather for the chromosome movement 


has suggested 


necessary to reorient the free ends, which can 
then reunite with or without a synthetic energy 
requirement. This leads to a consideration of 


another possibility. 


3) Low temperatures may alter chromosome movement 
and so influence the formation of chromosome exchanges 
excellent 
between 


presented an 
discussion the relation 
temperature and chromosome movement in the 


STEFFENSEN@®) has 


concerning 


production of two-hit chromosome exchanges. 


Chromosome movement is of considerable 


importance for electromagnetic radiations (X- 


and gamma rays) that produce chromosome 
exchanges primarily of two-hit origin, that is, 
the result of separate ionizing tracks. With 


neutron irradiation, however, the majority of 
the exchanges involve pairs of chromosome 
breaks produced by the same proton track.@% 


When such breaks are formed very close 
together, chromosome movement to form 
exchanges is probably less important. The 

results with fission neutrons are not 


present 
generally in accord with temperature effects 
produced by X-rays.“'!%) Apparently the 
differences can be resolved only if, under fairly 
similar conditions (anoxia and low temperature), 
one mechanism is important with fast neutrons 
and a different one with X-rays. Such a possi- 
bility exists if the following is feasible. 


4) The active radicals formed by the radiodecomposi- 
tion of water by fast neutrons may, at lower tempera- 
tures, be more effective in increasing the amount of 
chromosome aberrations formed 

Bonet-Maury and Lerorr™ have shown that 
H,O, is not formed by X-irradiation in the 
absence of oxygen. Thus, for aberrations in- 
duced by X-rays in anoxia“! this mechanism 
is unimportant and the effect of temperature 
must be other However, fast 
neutrons do form substantial amounts of H,O, 
in the absence of oxygen,” which could con- 
tribute to the formation of chromosome breaks. 


systems. 
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With neutron irradiation, the radicals are 


initially formed in high concentration within a 
narrow zone located along the track of the 
particle. Many of these radicals may recombine 


with one another to form H, and H,O,, while 
others may migrate from this zone and react 
with dissolved substances. Jf low temperatures 
decrease the migration of the radicals, or 
increase their lifetime or that of the mutagenic 
substances formed, low temperatures accom- 
panying fast-neutron irradiation could easily 
influence the formation of damaging substances 
in the nucleus and increase chromosome 
damage. 

The author wishes to thank Mr. R. 
Woop ey for calibration of the radiation sources 
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A COMPARISON OF SOMATIC AND POLLEN X-IRRADIATION OF A 
POLYPLOID, MEDICAGO SATIVA L.* 
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Abstract—The results obtained from a single X-irradiation of pollen of Medicago sativa L. 
were compared with those from repeated X-irradiation of somatic tissue and were considered in 


relation to the general problem of induced genetic alterations in polyploids, 
Repeated somatic X-irradiation of clonal lines at 1,500 r and 2,000 r increased the frequency 
of flower colour chimeras, decreased seed set and percentage of viable pollen, but did not induce 


sufficient variation in inbred or hybrid clones to offset the effects of sterility and inbreeding 


depression. 


A reverse mutation was not induced in a trihybrid recessive male sterile line in 66,260 


branches examined. It is suggested that the population size may be too low to detect a mutation 


or that the expression may be governed by deficiencies. 
Pollen X-irradiated at 16,000 r gave low seed set, but 41 per cent of the X, plants showed 


visible alterations in flower form, leaf shape or fertility. Pollen X-irradiation was more effective 


than somatic tissue X-irradiation. 


Résumé—Les auteurs comparent les effets d’une unique irradiation aux rayons X du pollen 
de Medicago sativa L. & ceux de Virradiation répetée aux rayons X du tissu somatique et ils en 


appliquent les résultats au probleme des modifications génétiques provoquces dans les 


polyploides. 
L’irradiation répetée aux rayons X du tissu somatique de lignes clonales a 1,500 r et 2,000r a 


accru la fréquence des chiméres de coloration des fleurs, a diminué la production de graines et le 
g 


pourcentage de pollen viable mais n’a pas provoqué assez de variations dans les clones inogames 


ou hybrides pour contrebalancer les effets de la stérilité et de la dépression de linogamie. 


L’irradiation n’a pas provoqué de mutation renversée dans une ligne stérile male récessive 


et trihybride sur les 66,260 branches qui ont été examinees. I] semble que la population soit trop 


faible pour permettre de déceler une mutation ou que la manifestation puisse ¢tre régie par des 


déficits. 
Le pollen irradié aux rayons X a. 16,000 r a donné une faible production de graines, mais +1 


pour cent des plants de la X, ont manifesté des modifications visibles de la forme de la fleur, de 
la forme de la feuille ou de la fertilité. L’irradiation aux rayons X du pollen a été plus eflicace 


que lirradiation aux rayons X des tissus somatiques. 


Zusammenfassung —Pollen- und mehrfache somatische Réntgenbestrahlung werden 
verglichen und die Ergebnisse auf das Problem der Polyploidie bei Medicago sativa L. angewandt. 

Mehrfache somatische Réntgenbestrahlung von Klonstammen mit 1,500 r und 2,000 r 
erhéhte die Haufigkeit der Bliitenfarbenchimaren, verminderte die Samenentwicklung und den 
Anteil an lebensfahigem Pollen, induzierte aber keine geniigende Variation bei durch Inzucht 
oder Bastardierung erzeugten Klonen, um die Folgen von Sterilitat und durch Inzucht verur- 


sachter Entkraftung auszugleichen. 

Eine Riickmutation wurde in einem trihybriden rezessiven mannlichen sterilen Stamm bei 
66,260 untersuchten Zweigen nicht festgestellt. Es wird vermutet, dass die Grésse der Population 
zu gering ist, um eine Mutation zu entdecken, oder dass die Ausserung vielleicht durch Mangel 


bestimmt ist. 


*Contribution No. 74 from the Genetics and Plant Breeding Research Institute. 
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Pollen-Réntgenbestrahlung mit 16,000 r fuhrte zu geringer Samenentwicklung, aber 41 v.H. 


der X,-Pflanzen zeigten deutliche Anderungen der Bliitenform, Blattgestalt oder Fruchtbarkeit. 
Pollen-Réntgenbestrahlung war zur Sicherung des Uberlebens von Mutanten wirksamer als 


somatische Gewebebestrahlung. 


INTRODUCTION 

A GCROSS-POLLINATED legume, Medicago sativa L. 
29n—32), exhibits both disomic: and 
tetrasomic® 13.15) segregation ratios. The evi- 
dence tends to support an autopolyploid origin 
although the frequency of quadrivalents is not 
in complete agreement with that theory.4:%!) 

The purpose of this investigation is to deter- 
mine how X-irradiation can be used most 
effectively on alfalfa to induce genetic variation. 
The experiment is directed towards a genetic 
and cytological study of induced mutants, in 
order to obtain more information on genome 
homology and the nature of polyploidy in this 
species. This paper reports on the initial phase 
of the problem. The results of repeated somatic 
X-irradiation of clonal lines and the X-irradia- 


tion of pollen are compared. Various types of 


leaf mutations resulting from pollen X-irradia- 
tion are illustrated. The pollen experiment 
includes a study of the use of X-irradiation for 


the production of haploids. 


MATERIALS AND METHODS 

The X-irradiation experiments extended 
over a three year period and three different 
X-ray machines were used. The machines were 
operated at 250 KVP and 10 or 25 mA with 
and without added filtration. 

A selection from a third generation selfed 
line of Ladak and three selections from 
Rambler,” clones 1, 2 and 3, served as source 
material. Stem cuttings from each of these 
selections were subjected to 1,500 r and 2,000 r 
of X-irradiation. These X-irradiated clonal 
lines were then rooted (250-300 plants/line 
and grown in pots in the greenhouse and growth 
chamber. The plants were cut back after a seed 
population was obtained and the regrowth used 
for the second X-irradiation treatment. This 
procedure of somatic X-irradiation was repeated 
four times. Seeds were obtained, following the 
first, second and third treatments, by selfing 
and crossing within each X-irradiated line. 
High and low seed producing plants were 


observed and the identity of the seed from each 
group was retained. X-irradiated cuttings which 
produced no, or very few, seeds were discarded. 
Seedlings from the X-irradiated material were 
space planted in field nurseries and in a 
replicated split-plot test along with the selfed 
progeny of non-irradiated parent clones as 
control material. Pod and seed set, stainability 
and amount of pollen, vegetative vigour, yield 
of dry matter, and any aberrant forms were the 
criteria used to assess X-irradiation effects. 

Cuttings from a male sterile clone 20 DRC®) 
were X-irradiated at 1,500 r and 2,000 r in an 
attempt to induce a reverse mutation to fertility. 
The plants were checked at full bloom for 
fertile mutants by tripping two florets per branch 
against a black film strip on which any pollen 
would be detectable. 

Pollen from Ladak was X-irradiated at 
16,000 r and applied to the stigma of the male 
sterile clone. Seeds were obtained, even at this 
high dosage level, and the resulting X, plants 


were inspected for haploids. Backcross and self 


progenies of the X, plants were examined for 
the prevalence and type of mutations. 


RESULTS 

Somatic X-irradiated clonal lines 
Post X-irradiation growth of rooted cuttings 
was slower than that of the control. All X- 
irradiated cuttings showed initial effects such as 
irregular leaf form and chlorotic streaking,'!” 
but these effects were no longer evident by the 
eighth node. Flower colours lighter than the 
control appeared as branch chimeras in all 
lines. Seed set was not only decreased by selfing, 
which is to be expected in a cross-pollinated 
species, but also by X-irradiation as illustrated 
by the decline in seed production on inter- 
crossing within the X-irradiated lines and on 
outcrossing with normal unrelated _ pollen 
(Fig. la). After two X-irradiations, only nine 
out of a sample of 91 plants of clone | from 
Rambler, and thirteen out of 69 from Ladak, 
equalled the parental clones in seed set. In 
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RAMBLER 


NO SEEDS PER POD 


D 
A. CONTROL (OUTCROSS). 
B. CONTROL (SELFED). 
C. 2ND X-RAY (SELFED), 


D. 2ND X-RAY (INTERCROSS). 
E. 4TH X-RAY (INTERCROSS). 
F. 4TH X-RAY (OUTCROSS). 


‘rage number of seeds per pod in control and X-irradiated clonal lines of Rambler and Ladak 


when selfed, intercrossed or outcrossed. 


RAMBLER 
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Fic. Ib. Percentage of stainable pollen in Rambler 
and Ladak after three and four X-irradiations. 


addition, twenty of the plants from clone | and 
twelve from Ladak were very low in seed set 
and were classified as sterile. The per cent of 
stainable pollen was reduced by X-irradiation 
throughout the four treatments of clone | and 
after two treatments of Ladak (Fig. 1b). By the 
fourth exposure, although the average number 
of seeds per pod remained relatively unchanged 
by treatment (Fig. la), the number of pods 


produced decreased to a very low level. There- 
fore, although the X-irradiated plants retained 
some reproductive ability (Fig. la, Outcross 
performance), their ferility and seed pro- 
ductivity were reduced by each treatment. 
This same decline in seed yield was shown by 
clones 2 and 3. At the same time the vegetative 
growth and flowering were as profuse as the 
control. 


Progeny from the somatic X-trradtated clonal lines 

White and off-white flowered plants were the 
only commonly observed variations among the 
progeny of the X-irradiated parents. The 
frequency of dwarfs or stunted plants was not 
increased over that present in the control 
progeny. The amount of stainable pollen was 
not altered in the progeny except in clones 
2 and 3 of Rambler: clone 2 contained some 
high pollen-producing variants and clone 3 was 
adversely affected (‘Table 1). Seed set under open 
pollination was low for all lines including the 
control. 

An analysis of dry-matter yield data revealed 
no indication that increased vegetative vigour 
had been transmitted to the progeny of the 
inbred or hybrid clones following recurrent 
somatic X-irradiations (Table 1). The pro- 
ductivity of the progeny lines from clone 2 and 3 
from Rambler was significantly lower than that 
of their control populations. Those from Ladak 
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Table 1. Dry-matter yield and pollen rating of progenies of X-irradiated clonal lines from Ladak and Rambler expressed as 
per cent of control population 


X-irradiation 
treatment of 


Average pollen 

rating in per 

parent lines cent of control 
Ist year 

Ladak selections 

95-4 

98-1 


2 treatments 104-0 
) treatments 
Rambler selection 
Clone | 
2 102-2 
102-6 


94-3 
108-0 


treatments 
treatments 
Clone 2 
2 treatments 127-3 63-1* 


treatments 118-7 60-90% 


‘lone 53 


2? treatments 89-5 +7-8* 


High components 


Dry-matter yield in per cent of control 


| 2 
Low components 


2nd year Ist year 2nd year 


88- 
89-2 


96-7 


G?- 
100-8 


65-4* 
74-4* 


16-2* 


*Signilicance shown at the one per cent level. 


|) High components: X-irradiated plants high in seed set. 


Low components: X-irradiated plants low in seed set. 


did 


Progeny 


differ from their control 
lines from parent plants 


Table 1, 


less dry 


and clone | not 
Table | 
which had produced the most seed 
High 
matter than did the progeny from parent plants 


Table 1, 


IS ( it) le SIS 
Chis performance pers! ted into the 


components tended to vield 


low in seed production Low com- 


ponents 
second vear of growth. The Rambler selections 
performed differently from one another, indi- 
variable sensitivity related 


cating a among 


material. 


/ 


sterile clone 


cuttings of 20 


Somatic X-irradiated male 
A total of 8,742 

X-irradiated and 

the 66,260 


DRC 
no fertile mutants were found 
No 


control 


Was 


examined. 
the 


among branches 


fertile mutants were observed in 


sample. 


X-irradiated pollen 

When flowers of the male sterile clone were 
pollinated with the X-irradiated pollen from 
Ladak, 


normal, but many ovules aborted and seed set 


pod formation was approximately 


was low. Only 66 seeds were obtained from 935 


pods resulting from the pollination of 1,000 


florets. All seeds germinated. No haploids 
2n 16) were found, but morphological changes 
were observed in 27 plants. Eleven of these, 
including five chlorophyll-deficient variants, 
failed to develop beyond the second leaf stage. 
Sixteen expressed phenotypic deviations in leaf 
shape, flower formation and plant erowth. 

The observed deviations in leaf shape are 
illustrated in Figs. 3-16 in comparison with a 
normal leaf (Fig. 2). The crinkled-leaf (Fig. +), 
Figs. 9 and 10) 


as well as the 


leaves showing jagged edges 
] 5S 


and long, narrow- 


and a mottled effect 
chlorophyll-deficient (Fig. 5 
leaved plants (Figs. 12 and 13) were all evident 
in the seedling stage. Preliminary studies have 
indicated that these forms are genetically con- 
trolled. 

In the self- and backcross-progeny of the 
crinkled-leaf mutant (Fig. 4) the trait 
dominant to normal and was variably expressed 
in the monofoliate (Fig. 16) and trifoliate leaf. 
In the X, generation of the crinkled-leaf mutant, 
chlorophyll-deficient and albino types appeared, 
and also a new type showing modifications in 
the central leaflet 
8), funnel (Fig. 6), to funnel plus 


Was 


Fig. 3) ranging from rudi- 


mentary (Fig. 


97-7 
92-4 95-5 
84-9 87-4 
95-3 92-6 
8-1 * 60-4* 
19.9 59-3* VOL. 
1 
+7-0* 
1961 
— 


Fics. 2~16. Normal and variant leaf forms. Fic. 2. Normal trifoliate leaf. Fic. 3. Funnel- 

leaf mutant showing leaf variations (illustrated in Fics. 6-8). Fic. 4+. Crinkled-leaf 

mutant. Fic. 5. Chlorophyll-deficient mutant. Fic. 6. Funnel leaf. Fic. 7. Funnel-leaf 
plus a small blade. Fic. 8. Rudimentary central leaflet from funnel-leaf plant. 
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Fic. 9. Ragged-leaved mutant. Fic. 10. Leaf from ragged plant. Fic. 11. Sector of ragged 

leaf showing mottling. Fic. 12. Long, narrow-leaf mutant. Fic. 13. Trifoliate leaf from 

Fic. 14. Single-leaflet chimera. Fic. 15. Single leaflet from plant in 

Fic. 14. Fic. 16. Normal monofoliate leaf (on left) and four variations in monofoliate 
leaf types of the crinkled-leaf mutant. 


plant in Fic. 12. 
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a small extra blade (Fig. 7). A single-leaflet 
plant (Figs. 14 and 15) arose as a chimera. 

In 98 per cent of the crinkled-leafed progeny, 
normal leaves developed by the seventh node. 
This pattern persisted when the material was 
cut back two and three times. In the remaining 
two per cent, the entire plants retained the 
crinkled-leaf form or the expression varied on a 
branch, crinkled-leaf segments alternating with 
normal as the branch developed. ‘The alterna- 


tion of expression was also observed in some of 


the funnel-leaf phenotype, while the jagged and 
long-narrow leaf forms did not vary. 

Complete male sterility did not appear in the 
X, plants that resulted from the pollination 
of the male X-irradiated 
Ladak pollen, although eleven of the 48 plants 
backcrossed seed 


sterile clone with 


from which selfed and was 
obtained had less than 20 per cent stainable 
pollen. ‘The average seed set on selfing and on 
backcrossing was, respectively, 1-3 and 3-0 seeds 
pod for the X, as compared to 1-6 and 4:1 for 
the F,. that 
low seed set is self-incompatibility rather than 


sterility caused by X-irradiation. 


These data suggest 


DISCUSSION 

It is evident from the literature“! that many 
complex problems are associated with mutation 
breeding in polyploid species. The immediate 
question raised in this investigation was the 
possible buffering effect of four sets of chromo- 
somes against X-irradiation damage to one or 
more chromosomes. If there is a buffering effect, 
would the polyploid system allow the cell to 
tolerate X-irradiation harbour 
changes“ for a number of generations ? 

The hypothesis the repeated 
X-irradiation of somatic tissue was that a series 
of structural changes in the chromosomes would 
If these changes involved an 


injury or 


underlying 


be produced. 
alteration in the self-incompatibility factors, 
seed productivity within the X-irradiated lines 
could be improved. These chromosome altera- 
tions could lead to heterozygosity and diploidiza- 
tion and if transmitted to the progeny should be 
expressed by altering the genetic variability, 
vigour and yield. Why then was the repeated 
X-irradiation of somatic tissue not as successful 
as the pollen X-irradiation? The answer could 
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the cause of 


be explained in two ways. First, the more 
normal cells may have a selective advantage and 
produce the germinal tissue. Therefore, the 
aberration is lost prior to or during fertilization. 
Secondly, the productivity 
arising from inbreeding and from the effects of 
X-irradiation may have masked any positive 


deterioration in 


diversity. Intercrossing the X-irradiated clonal 
lines, utilizing X-irradiation when combining 
hybrids of diverse origin, or combining hybrids 
in a double-cross “‘heterosis” plan might help to 
overcome inbreeding problems. 

Complete male sterility is attributed to three 
recessive genes® and therefore a change in 
only one allele should induce a reverse mutation. 
The size of the primordium derived from the 
mutated cell would determine the extent of the 
mutant chimera. No spontaneous mutations to 
fertility have been reported in the male sterile 
clone and X-irradiation did not induce fertility 
in this experiment. Complete male sterility 
may operate through deficiencies, in which case 
a mutation could not restore fertility. ‘This 
might account for the stability of the trait. 
However, in view of the mutation frequency in 
Neurospora and Drosophila?® the 66,260 branches 
examined might be too few to detect induced 
mutations. 

Pollen X-irradiated at a high dosage level 
should aid in the production of haploids by a 
stimulation of the activity necessary for embryo 
growth, without the pollen having any genetic 
participation. Haploids have been obtained by 
X-irradiation of pollen.‘*) Negative results have 
been reported.@) ARMsTRONG®) suggests that 
X-irradiation may increase the frequency of 
twin seedlings among which haploids may be 
found. As neither haploids nor twin seedlings 
were observed after X-irradiating pollen at 
16,000 r it seems evident that either the dosage 
was inappropriate or the material was not in a 
suitable physiological condition. 

This experiment indicates that pollen rather 
than somatic X-irradiation is more effective in 
overcoming the barriers of genome similarity 
and releasing diversity into this polyploid species. 
The occurrence of leaf mutations from pollen 
X-irradiation indicates that abnormalities are 
not always buffered by the other genome. 
aberrations induced in gametes are, 
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if viable, less likely to be selected against in the 
next generation because they would be present 
in each cell of the embryo. Furthermore, if, as 
STANFORD“ has suggested, there is selective 
as well as random pairing in alfalfa, the ob- 
served mutant may be present on chromosomes 
which pair selectively and are not buffered by 
their homolog. Traits governed by genes on 
sets of four chromosomes which normally pair 
at random may remain hidden or buffered until 
later generations. For a more complete under- 
standing of induced alterations in polyploid 
systems further information is needed on those 


types that are transmitted through cell divison 


barriers and, in particular, the relation of their 
production to dosage levels of X-irradiation and 
physiological condition of the material treated. 
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Abstract— Tomato seeds deficient in most of the elements known to be essential for higher 
plants were tested for their sensitivity to gamma radiation. In the first generation leaf length 


was used as an index of radiation sensitivity: zinc deficient seeds were much more radio- 


sensitive than controls, as to a lesser extent were seeds deficient in copper, molybdenum and 


sulphur. In the second generation, the spectrum of mutations produced from irradiated 
deficient seeds was compared with that from irradiated controls. Pale green cotyledon mutants 


were significantly more frequent from manganese-deficient seeds, and much less frequent from 
zinc-deficient seeds; a low yield of mutants was found from seeds deficient in magnesium and 


boron. 


The publishers regret the French and German translations 


were not available at the time of going to press 


INTRODUCTION sensitivity of seeds, and many chemicals have 
Tue sensitivity of higher plants to ionizing been tested for their potential in modifying 
radiation depends on a great variety of factors.®®? radiation damage. Relatively little work has 
Some of these factors, such as genotype and been carried out on the sensitivity of seeds 
chromosome number, are not readily altered, which have been biochemically modified to a 
while others are more amenable to experi- known extent. For example, it is possible to 
mental alteration. Thus a great deal has been obtain a range of fat contents in seeds by select- 
published concerning the effects of temperature, ing the seeds from plants growing under a 
variety of nutrient conditions. In this work, it 


water content and oxygen pressure on the radio- 
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has been found possible to modify the content 
of most of the inorganic elements known to be 
essential in seeds. The sensitivity of these seeds 
to gamma radiation has been determined in two 


ways, by measuring the reduction in leaf length 


in the first generation, and by studying the 


mutation rate in the second. 


MATERIALS AND METHODS 
The plant selected was the tomato, Lycopersicon 
esculentum var. Moneymaker, since it satisfies 
three important experimental requirements. 
a) It grows easily in sand culture, and is a 
classic plant for induction of mineral 
deficiency. 
b) It is an inbreeder. 
Cc Its 
known.) 
Plants were grown in sand culture according 


genetics are comparatively well 


to the direction of Hewitt") using de-ionized 


rain water and inorganic nutrients. Groups of 


ten plants were maintained under deficiency 
conditions for each of the essential elements: 
iron, Magnesium, 


boron, calcium, 


manganese, molybdenum, nitrogen, phosphorus, 


copper, 


potassium, sulphur, and zinc. In the case of the 
major elements (calcium, magnesium, nitrogen, 
phosphorus, potassium and sulphur) the plants 
had to be supplied with minimal amounts of the 
PI 
deficient elements in order to sustain growth. 
Deficiency symptoms developed in each case 
y sym] 


Table 1. 
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but the plants were mostly able to fruit. Marked 
deficiency symptoms were also noted in plants 
deficient in iron, boron and manganese: in the 
case of the latter two elements the plants 
rapidly became sterile. Less marked deficiency 
symptoms were found when copper or zinc were 
omitted from the nutrient solution, and molyb- 
denum deficient plants were indistinguishable 
from controls in though they 
contained less molybdenum when analysed. 
Seeds were harvested with suitable precautions 
to avoid contamination with dust. Fruits were 
collected when ripe, cut open with polymethyl 
methacrylate knives and the contents allowed 


appearance, 


to ferment in polystyrene tubes for two days at 
25°C, in order to destroy the mucus surrounding 
the seeds. The mycelial mat which formed acted 
as a cover to prevent entry of dust. Seeds were 
then washed free of mucus with distilled water, 
dried, and stored in clean polystyrene tubes or 
polythene bags until needed for sowing or 
chemical analysis. Storage was carried out in a 
desiccator over saturated calcium chloride to 
ensure that all seeds reached the same water 
content (about 9 per cent 

Small samples of each type of deficient seeds 
were analysed for the deficient element, and 
the results were compared with controls. The 
analytical methods used have already been 
described in the literature“? and are listed in 
Table 1. This table includes the limit of sensi- 


Analytic al methods used for deficient tomato seeds 


Element ‘Technique 

B colorimetric 
flame photometric 
activation analysis 
colorimetric 
flame photometric 
colorimetric 
activation analysis 
activation analysis 
K jeldahl/titration 
colorimetric 
colorimetric 
activation analysis 


Sensitivity Seed per analysis 
ug (g 
O-4 0-1 
15 0-1 
0-005 0-05 
l 0-02 
5 0-02 
3 0-01 
0-002 0-01 
0-1 1-0 
50 0-01 
0-01 
0-05 
0-05 


Reference 


29, 30 


VOL. 
} 
1961 
9 
(11 
27 
9 
16 
(9 


tivity of the method adopted, and the weight of 
seeds needed for a satisfactory analysis: all 
analyses were carried out in duplicate. 

Batches of deficient seeds were then irradiated 
with cobalt 60 gamma radiation, using a range 
of doses between 10 and 100 krad at a dose rate 
of 3 rad/sec. They were sown at equal spaces in 
soil beds in a glasshouse using two randomized 
block designs. Three or four weeks after sowing, 
the leneth of the first true leaf on each seedling 
was measured. Plants growing at the ends of 
each row were not measured because of edge 
effects. For statistical purposes about 15,000 
seedlings were measured in all. The deficient 
irradiated seeds were compared with the control 
irradiated seeds with respect to the dose of 
irradiation needed to halve the length of the 
first leaf. This dose is here called the 1D,, and 
should not be confused with the LD,,, which is 
the dose needed to kill half the plants. Sufficient 
boron-deficient seeds were not available for this 
experiment. 

About a thousand seeds from each deficiency 


treatment were irradiated with a dose of 


20 krad and raised to the fruiting stage. Plants 
were decapitated at the third truss, as not many 
seeds were required. No mutants, and only 
about 0-1 per cent sterility, were observed in 
this generation. One fruit, containing about 
50 seeds, was harvested from each plant. The 
seeds were scraped out, washed with N HCl, 
rinsed with water, dried overnight on filter 
paper and stored by folding the paper into a 
packet. 

The following season the seeds were planted 
in rows in the field, and observations were 
made every few days after germination. Rows 
containing segregating progeny were scored at 
both cotyledon and true leaf stages. Limitations 
of space and labour prevented the observation 
of mutations at the flowering or fruiting stage. 
Selected plants from all the observed types of 
mutated rows were grown to maturity and 
seed was collected for further study. 


RESULTS 

The mean contents of the different elements 
in seeds from normal and deficient plants are 
given in Table 2. Most deficiency treatments 
resulted in a marked decrease in seed weight, 
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Table 2. Elementary composition of normal and deficient 
tomato seeds (ug/g fresh weight 


Element ug/g normal yg/g deficient Normal 
seed seed deficient 
B 9-6 6-8 1-41 
Ca 648 363 1-79 
Cu 6°75 1-79 3°77 
Fe 609 23-2 26:2 
K 6,695 $.730 1-42 
Mg 3,580 2,840 1-26 
Mn 54:5 12°] $-50 
Mo 2-50 0-09 27-8 
N 51,600 $4,200 1-17 
7,220 1,990 363 
$ 604 389 1-55 
Zn 55-6 21-4 2-60 


especially in those seed from the upper trusses. 
While the absolute amount of element per seed 
was often reduced by the deficiency treatment, 
the seeds were small and light and the amount of 
element per g of seed was scarcely reduced at all. 
For example, one batch of seeds from nitrogen 
deficient plants had a nitrogen content of 
117 ug/seed, as compared with 204 ug/seed for 
the corresponding controls. However, the 
nitrogen deficient seeds weighed, on average, 
only 2-66 mg each, whereas the controls 
weighed 3:86 mg. Hence the ratio of p.p.m. 
nitrogen in control to that in the deficient seeds 
was 1:20, although the corresponding ratio of 
ug/seed was 1-74. 

The essential elements in seeds appear to 
fall into three classes: 

A). Those in which the content of the 

element in the seed in ug/g cannot be reduced 

by more than 50 per cent without causing 

sterility: these include most of the major 

elements (calcium, potassium, magnesium, 

nitrogen and sulphur) and boron. 

(B). Those in which the content can be cut 

down by a factor between 2 and 5 without 
inducing sterility (phosphorus and the trace 
elements, copper, manganese and zinc: 
chlorine also falls into this category).‘® 
(C). Those in which the content can be 
reduced by a factor greatly exceeding 5. 
These include iron, molybdenum and several 
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elements not known to be essential for higher 


plants e.g. gallium, vanadium and_ tung- 


sten.©: 7, 8) 
Thus it appears that the supply of major 
elements and boron to the seed is carefully 


regulated, but that amounts of trace elements 


may be stored in seeds in considerable excess of 


the minimum required for germination. No 
attempt was made in this work to increase the 
but 
tungsten 


amount of any element in seeds, studies 


(3) 


with copper, molybdenum and 


indicate that these elements are not taken up in 
large amounts by seeds even when they are 
present in excess in the nutrient medium. 


rhe E, 


two separate bate hes for tec hnical reasons. One 


radiosensitivities were measured in 
batch of one-year-old seed included controls 
and seeds deficient in copper, molybdenum and 
zinc; the other batch consisted of two-year-old 
seed of controls and the remaining treatments. 
By plotting the mean leaf lengths ( ») against the 


] 


logarithm of the dose a sigmoid curve was 


found, which could be represented by an 


equation of the form: 


1+B log x 


and Bb The 


lengths were assumed to be normally distributed 


where A, A are constants. 


with a constant unknown variance: this assump- 
tion was tested for manganese deficient seeds 
reasonable except for the 
100 krad). The 


variance at this high dose is unlikely to affect 


and found to be 


highest dose used increased 
the parameters A or B or their ratio (-log 1D). 
Che data for each treatment were fitted by least 
squares and the calculated 1D,,’s are given in 
Table 5, together 
significant differences from control. It appears 
that deficiencies in sulphur, copper, molybdenum 
and zinc all have a significant effect in sensitizing 
the seeds to ionizing radiation. Deficiencies in 
other elements have no apparent effect, with 
the possible exception of manganese where the 
scatter of the results was unusually high. This 
sensitization can be achieved in other ways, for 


example by aging the seed, and the results of 


Table 3 suggest that differences in radiosensit- 
ivity caused by deficiency treatments may be 


leaf 


with the probabilities of 


Table 3. 1D*"s of F, tomato seeds and probabilities of 


significance difference from control 


‘Treatment 
krad 
53°9 
48-7 
54-9 


55°6 


Age Probability 
years 
control 
Ca 
Fe 
K 


56- 


2 
) 
2 


N 

P 

S 
control 

Cu 

Mo 

Zn 


et DO NO NO NO NG NO 


less marked after storage. This possibility needs 
further investigation. 

In the second generation about 1-5 per cent 
of the rows failed to germinate, and of the re- 
mainder, about 5 per cent showed segregation 
of characters in the early stages. A wide range 
of chlorophyll deficient and other mutants were 
observed, and in all but one row the ratio of 
mutants to normal plants was close to one third. 
The exception was a row consisting entirely of 
“potato leaf” mutants. The spectrum of mutants 
from each treatment is shown in Table 4. 

The data were analysed separately for each 
type of mutation and for various combinations 
of types. The 7? statistic was used as a measure 
of the agreement between the observed numbers 
and those to be expected, assuming the proba- 
bility of the particular character appearing was 
the same for all plants. Table 5 shows the 
results of the analysis with the 
probabilities of the observed mutation spectra 
due to that the 
manganese-deficient seeds gave a high yield of 


statistical 


being chance. It appears 
mutants with light green cotyledons, and the 
zinc-deficient seeds a low one: these differences 
were highly significant. In addition, seeds 
deficient in copper and in nitrogen showed 
significantly more lethal mutants in the second 
generation, while magnesium-deficient seeds 
showed fewer. The lowest percentage of mutants 
was found from seeds deficient in magnesium 
and boron. 
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Table 4. Mutations produced by treating 


deficient seeds with 20 krad 


Deficiency \ ys lgs dgs xa 
None 2 6 24 7 l 
B 0 10 12 2 1) 
Ca 2 8 15 | 0 
Cu 7 27 l 0 
Fe 0 1] 20 2 | 
K 2 24 0 
Mg 0 3 20 0 0 
Mn 0 12 45 l 0 
N 7 15 
17 2 0 
Zn 2 5 l 


No. of 
lg dg Misc. L, rows 
2 2 lrm, la 12 819 
6 I 12 841 
9g 0 lcm 12 1093 
2 6 28 898 
9 ] 13 94] 
0 15 908 
6 0 2 938 
7 2 2 rm 8 928 
7 l 10 958 
9 3 la ry 789 
1] 0 2a 1] 804 
l lw,2a 858 


c-potato leaf 
cm leaf margins crisped 
dg—=dark green leaves 
dgs dark green cotyledons 
L=lethal 


lg —light green leaves 


no germination 


lgs light green cotyledons 


rm —leaf margins recurved 


plant without anthocyanin 


rv =young leaves yellow with green veins, becoming green later 


v=white cotyledons 
w threadlike leaflets 
Xa yellow leaves 
yellow coty ledons 


Table 5. 


Probabilities of mutation spectra of Table + being due to chance 


Mutant type(s 


Main differences from control 


Probability Significance 


rv B low, Mg low, Zn & Mn high 0-06 possible 

lg Cu low, S high O-4 very low 

rv+lg B low, Mg low, Mn high 0-4 very low 

rv +lg+dg B low, Mg low, Zn & Mn high 0-2-0+] very low 

v+ys Mg low, P & Mn high 0-15 very low 
lgs Zn & Mg low, Mn high 0-000! high 
v+ys +lgs B, Mg & Zn low, Mn high 0-00001 high 
all B, Mg & Zn low, Mn high 0-00001 high 
Mg low, Cu & N high 0-002 high 


DISCUSSION 

The chemical analyses in Table 2 agree in 
order of magnitude with those found by earlier 
workers.“**%) It is doubtful if the content of 
major elements in tomato seeds can be reduced 
below the levels we found for deficient seed, but 
it may well be possible to reduce much further 
certain trace elements, especially molybdenum. 


Tomato seeds are notably rich in trace elements 
and better deficiencies might be obtainable with 
other plants, e.g. cereal grasses. 

The tomato seed is relatively resistant towards 
ionizing radiation, but different workers have 
reported very different radiosensitivities. ‘Thus, 
Yacyu and Morris, introduced the 
technique of measuring the length of the first 


who 
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leaf as an index of radiation damage, found an 
1D... of 16 krad for the variety Puck, as against 
10-80 krad found here for the variety Money- 
maker. Several the 
lethal dose for 50 per cent of the plants (LD 59), 
with results ranging from 20 krad@®) to 54 krad@) 
100 These 


workers have measured 


and krad@® for different varieties. 
differences are not necessarily varietal as they 
may be effects of environmental conditions 
before or after irradiation. 

For the 
previous workers have recommended treatment 
of seed with 10-20 krad.(@4: 15. 37,38, 39,45) Nearly 
all of the mutants found here have been noted 


VERKERK?®) 


production of mutations, most 


by these and other workers. 


estimates that a high percentage of mutations 
observable in plants; his data 


are young 


indicate that we missed about 
our mutants by not raising our F, plants to full 
maturity. It seems clear that the chlorophyll 


mutants are the commonest observable type in 


the tomato but the percentage mutation rate of 


each individual type is generally too low for 
statistical analysis. 

Chere are at least two ways in which mineral 
deficiency might interact with the production of 
mutations by radiation. In the first 
place, if the elements are known to be essential 
constituents of the the latter 
might be more easily damaged under conditions 
of deficiency. This would be a direct effect. 
Secondly, the profound metabolic disturbances 
caused by the absence of any essential element 


the 


ionizing 


( hre yMmosomMes, 


might lead to an alteration in 
nucleoprotein synthesis, with a correspondingly 
occur in this 
synthesis. This would be an effect. 
Examples of both direct and indirect effects 
have already been reported in the literature. 

STUBBE Dorinc®) found that 


deficiencies in nitrogen, phosphorus and sulphur 


ereater latitude for mistakes to 


indirect 


Thus and 


increase the spontaneous rate of mutation in 
Antirrhinum majus: these elements are, of course, 
essential constituents of nucleoprotein. STEFFEN- 
that calcium and 


sEN@1 32) collected evidence 


Magnesium were — essential 


chromosomes, and showed that deficiencies of 


either of these metals led to chromosome break- 
Hype and 
of these elements in 


Tradescantia. 
that 


age in 


found deficiencies 


40 per cent of 


rate of 


constituents of 
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Plantago ovata led to an increase in chiasma 
frequency. STEFFENSEN later showed that a 
deficiency of calcium led to an increased fre- 
quency of radiation-induced chromosome aber- 


deficiencies 
of iron, magnesium. or had no 
effect.3: 35.386) Similar results have been found 


that 
potassium 


rations in Tradescantia but 


for barley seeds deficient in calcium. Recently 
STEFFENSEN and La CHANce,®) auto- 
radiography, have confirmed that calcium is 
bound to chromatin material in lily pollen. In 
our work we have found no difference in radio- 
sensitivity between calcium-deficient seeds and 


using 


controls, while magnesium-deficient seeds appear 
to be rather more resistant to radiation than 
controls. The discrepancy between our work and 
Steffensen’s could arise through  diplontic 
selection, or because seeds cannot be made so 
deficient in calcium as can other tissues. In- 
formation concerning most other elements in 
chromosomes and nuclei is limited. With regard 
to manganese and altered the 


mutation spectrum when deficient, both ele- 


zinc, which 
ments are present in traces in cell nuclei but 
their turn-over rate there is negligible compared 
with that in the cytoplasm.4***) Zinc has 
recently been shown to be an essential con- 
stituent of mammalian sperm,* and it may be 
significant that it in the 
anthers and seeds of vascular plants. 

An apparent indirect effect of mineral nutri- 
tion on radiosensitivity has been reported by 
Skok showed that boron-deficient 
plants of Helianthus annus were much less sensitive 
to X radiation than were controls. His findings 
suggest that the absence of boron retards some 
phase of cellular activity connected with the 
maturation of cells. Our results show that both 
boron and magnesium deficiency lower the 
yield of mutants in the second generation, in 
general agreement with Skok’s work, although 
Skok did not evaluate mutant yield. 

All types of mineral deficiency give rise to 
marked changes in the amounts of important 
biochemical substances present in plants. For 
example, manganese deficiency in plants in- 
creases the activity of ascorbic acid oxidase and 
other enzymes ;“®) it also increases the content of 
aspartic acid and pipecolinic acid, but decreases 
the content of free glycine, alanine, serine, 


is also concentrated 
(24) 
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glutamine, threonine and especially lysine and 
histidine.@?) Manganese is an essential con- 
stituent of prolidase, and activates many 
phosphorylating enzymes. It may be significant 
that manganese deficiency leads to an increase 
in free pentoses’) which are necessary for nucleic 
acid synthesis. On the other hand zinc is 
specifically needed by carbonic anhydrase and a 
number of dehydrogenases.“” Zinc deficiency 
therefore leads to a reduction of dehydrogenase 
activity, and secondary effects include the 
accumulation of inorganic phosphate, amino 
acids and amides coupled with a reduction in 
the rate of protein synthesis.“ 2) 

Thus although we know something of the 
biochemical function of manganese and zinc, 
we know too little to decide whether the effects 
of their deficiency on mutability are direct or 
indirect. It is, however, a striking fact that all 
the metals which have been shown to affect 
mutability are divalent and (apart from 
manganese) are only stable in aqueous solution 
in the divalent state. Divalent metals are 
effectively complexed by ethylenediamine tetra- 
acetic acid, and it has been suggested that the 
mutagenic effect of this reagent is due to the 
chelation of zinc,@) though this view has been 


contested.(®) Further studies of the role of 


divalent metals in chromosome structure and 


replication are obviously needed. 
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Abstract 


Cell fresh weight and DNA per cell have been measured in the leaves of forty 


species of higher plants. These data are compared with the LD,, for *Co gamma radiation 


for dry seeds of the same species. The relation between LD,, and cell fresh weight is significant 
and the relation between LD;, and DNA per cell is highly significant. DNA per cell is a major 
factor determining plant radiosensitivity, but other factors are also important. 


The publishers regret the French and German translations 


were not available at the time of going to press 


INTRODUCTION 
DIFFERENT species of plants vary widely in their 
sensitivity to ionizing radiation. After a single 
dose of radiation the LD, 9s for seeds of Pinus and 
Picea are less than | krad, but for seeds of Brassica, 
Medicago and Veronica the LD; 9s are 100 krad or 


more, ®&1%2) Extensive data on the response of 


growing plants to chronic radiation has shown 
an equally large difference in radiosensitivity 
between the most resistant and most sensitive 
species tested.7*!© These differences are not 
related to any obvious characteristic and have 
not been satisfactorily explained until recent 
years, 

Puck,“ Sparrow et and SPARROW and 
MikscHe"*?) have successfully related radio- 
sensitivity with nuclear volume, and the latter 
authors point out a similar correlation with 
DNA content. This paper presents data relating 
radiosensitivity, cell size and cellular DNA 
content for forty species of higher plants. 


MATERIALS AND METHODS 
Seeds of Pinus sylvestris and Picea abies were 
obtained Seeds of the other 
species were collected locally and plants were 


commercially. 


maintained in cultivation to provide fresh tissues 
for DNA extraction. 

LD,, values were measured as described by 
BoweEN and Smiru.” For each species, aliquots 
of 100 seeds were equilibrated at 32 per cent 
humidity and treated with a series of doses of 
6°Co gamma radiation in the range 0-160 krad. 
The seeds were then planted in sterile compost, 
and the number of plants reaching maturity (or 
surviving one year, in the case of Pinus and 
Picea) were counted. The LD;)s were computed 
from these data. 

The number of cells per g of tissue, and hence 
the mean weight of a single cell, was determined 
using the method of BRown and Rick ess.) A 
known weight of fresh leaf (about 0-5 g) was 
dispersed in 4 ml 5 per cent chromic acid for 
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about 16 hr, the length of time depending on 
the rate of breakdown. The cells were then 
separated by squirting the suspension several 
times through a fine pipette nozzle. A drop of 
the suspension was placed on a haemocytometer 
slide and the number of cells in a known volume 
was counted. If cell clusters were observed, or if 
consecutive counts did not agree within +10 per 
cent, the chromic acid treatment was continued 
for a longer period. 

DNA was extracted from leaf tissue as follows. 
10-20 g clean, fresh tissue was frozen with liquid 
nitrogen and ground with a pestle and mortar 
after removing an 0-5 g aliquot for cell counting. 
The resulting powder was macerated succes- 
sively with 95 per cent ethanol, methanol, a 
2: | mixture of ethanol and diethyl ether, and 
acetone; after each 5-min period of maceration 
the slurry was filtered and the final filtrates were 
colourless. The fat-free powders resulting from 
this treatment were dried, weighed and stored 
in stoppered containers. 

The fat-free powders were extracted as 
described by Kupita ef al.) An 0-1 ¢ aliquot 
was extracted three times with 4 ml boiling 
LO per cent sodium chloride at pH 7:0. for 
30 min. The extracts were filtered, combined 
and lyophilized to a dry powder. This powder 
was washed twice with cold 0-72 M trichloro- 
acetic acid to remove excess sodium chloride, 
and the residue was treated with 2 ml 0:5 M 
perchloric acid at 80°C for 30 min. DNA was 
then determined by the method of BuRToON.@) 
The diphenylamine reagent was made by dis- 
solving 7/5 ¢@ recrystallized diphenylamine in 
500 ml glacial acetic acid and adding 7-5 ml 
36 N H,SO,. Just prior to use, | ml of 1-6 per 
cent acetaldehyde solution was added to each 
200 ml of reagent. Four ml of the diphenylamine 
reagent was added to the filtered perchloric 
acid extract, and the tube was then stoppered 
and stood for 17 hours at 30°C, together with 
suitable standards and blanks, to allow the 
blue colour to develop. Standards were made 
up from commercial DNA of +98 per cent 
purity. The optical densities were measured 
with a spectrophotometer. It was found that the 
wavelength of maximum sensitivity for DNA 


estimation was 610 my, and that the plot of 


optical density against DNA _ concentration 
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obeyed the Beer-Lambert law over a_ wide 
range. 


RESULTS 

The species used, their LD, 9s, number of 
cells/g fresh tissue, and weights of DNA per cell 
are given in Table |. The fresh weights of cells 
given in this table are the reciprocals of the 
number of cells’g, that is, no allowance is made 
for the weight of xylem vessels, tracheids and 
fibres which constitute a small part of the tissue 
studied. (Figs. | and 2. 

The relationship between weight of DNA per 
cell in uug (D) and LD,, in krad is plotted in 
Fig. 1. Statistical treatment shows that there is a 
highly significant relation between these quanti- 
ties (P —0-0003 

A calculated regression of log D on log LD,» 
gives the relation: 

log D=—0-9806-0-5127 log 

While a regression of log LD,, on log D gives 

the relation: 
log LD, =1-559-0-840 log D. 2 

Both regression curves are plotted in Fig. 1. 
The difference in their slopes is a measure of the 
scatter in the data. 

Fig. 2 shows the relationship between cell 
weight in mug (C’) and LD,,. These two quanti- 
ties are also significantly related (P—0-0126 
but the confidence limits are much wider. The 
two calculated regression lines are: 

Regression of log C on log LD,,: 


log ¢ 1-784-0-2159 log 3) 
Regression of log LD., on log C: 
log LD., 2-354-0:706 log C. 4) 
DISCUSSION 


The data presented in this paper appear to 
be the first of their kind for most of the species 
studied. Hence it is only possible to compare 
them with similar data for other species which 
have been reported in the literature. 

The numbers of cells per g appear to be of the 
correct order of magnitude. Thus Houmes ef al.‘ 
showed that root segments of Vicia faba con- 


tained 5-2-80 «10° cells/g while our figures 


range from 8-1—109 « 10° cells/g. The weights of 


DNA per cell reported here are consistently 
lower than those measured by Howmes et al.,‘® 
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krad 


Fic. 1. Relationship between DNA per cell and LD,, for forty species of higher 


plant. 
See text for explanation of regression lines (1 


and (2). 


LO... krad 


. Relationship between cell weight and LD, for forty species of higher plant. 
text for explanation of regression lines (3) and (4). 
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Table 1. Cell density, fresh weight, DNA content and LD. for forty spectes of plant 


No. of cells/g 


Species 

Pinus sylvestris L. 14-4 
Picea abies (1...) Karst. 13-2 
Polygonum persicaria L. 39-3 
Fumaria officinalis L. 34-9 
Phalaris canariensis L. 
Tripleurospermum maritimum (L.) Koch. 33- 
Plantago major L. 18-3 
Solanum nigrum L. 12-6 
jromus sterilis L. 19-5 
Atriplex patula L. 27:3 
Sonchus oleraceus L. 23-4 
Thlaspi arvense L. 29:7 
Papaver rhoeas L. 31-9 
Rumex obtustfolius L.. 41-4 
Senecio vulgaris L. 18-4 
Chenopodium album L. 44-3 
Rumex crispus 41-1 
Euphorbia peplus L. 28-5 
Avena ludoviciana Dur. 37-7 
Avena fatua L. 94-5 
Papaver dubium L. 30-4 
Alopecurus myosuroides Huds. 87-0 
Raphanus raphanistrum L. 18-5 
Chrysanthemum segetum L. 8-1 
Polygonum convolvulus L. 29-9 
Polygonum aviculare L. 37-5 
Sonchus asper Hill 27-9 
Spergula arvensis L. 10-4 
Urtica urens L. 85-0 
Stellaria media Vill. 21-3 
Galium aparine L. 23-4 
Viola arvensis Murr. 29-4 
Euphorbia helioscopia L. 43-8 
Sinapis arvensis L. 109-0 
Medicago lupulina L. 90-7 
Capsella bursa-pastoris (L.) Medic. 85-4 
Sinapts alba L. 33-8 
Veronica polita Fries. 52-2 
Brassica nigra Koch. 39-4 


Veronica persica Poir. 


Cell wt. DNA per cell 


(gx 10-°®) x LD, : krad 
69-4 7-95 l 
75:8 6-92 
25-4 4-34 5 
28-6 1-76 5 
33-0 2-10 7°5 
30-2 8-40 7°5 
54-6 6-25 
79-3 7:70 9-] 
51-2 711 10-0 
36-6 2:71 10-0 
42-7 2°31 10-9 
33-6 3-28 11-5 
31-3 2-51 13-3 
24-1 0-73 14-3 
54-3 3-67 14-7 
22:5 2-89 15-1 
24-3 0-40 15-3 
35-0 2-12 16-8 
26-5 1-96 18-0 
10-5 2-04 18-0 
32-8 2-78 20-0 
11-4 2-44 20-0 
54-0 1-78 20-0 

123-0 6-22 26-2 
33: 1-89 30-0 
26-6 1-33 30-0 
35-8 1-55 31-0 
96-1 4-25 31-5 
11-7 0-65 37-0 
46-9 0-58 
42-7 1-65 40-0 
34-0 2:39 40-0 
28-7 2-78 42-0 

9-2 1-5] 66-8 
11-0 1-72 80-0 
11-7 0.43 87-6 
29-5 1-61 88-5 
1-04 104-7 
25° 0.62 115-5 


RascH and Wooparp) and Sparrow and 
Mixscue.”) There are two possible reasons for 
this. In the first place the method of DNA 
extraction may not have been equally efficient 
for all species.*!% The method has not been 
tested for all the species studied, but where it 
has, more than 90 per cent of the DNA was 
removed in the first sodium chloride extract, 


as found by Kuptra et al.) Secondly, we have 
estimated DNA mostly in weedy species which 
are not widely used in cytological work: other 
workers have measured DNA in genera such as 
Lilium, Tradescantia, Allium and Vicia which are 
well known to have unusually large nuclei and 
hence a large content of DNA. The present 
figures fall in the range reported for vertebrate 
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cells,7*%!% but are much larger than those found 
in bacteria.e@ The LD, 9s span the range of 
values reported for higher plants.4: 1%?) These 
are probably the least accurate of the figures in 
Table 1 because so many external factors are 
known which modify radiosensitivity.“ In 
some cases the figures differ somewhat from 
preliminary values recorded by Bowen and 
SmirH:™ the differences may be caused either 
by different strains or by different germination 
conditions in the present experiment. 

It may be objected that the LD,, data were 
obtained for irradiated seeds, whereas the cell 
numbers and DNA contents were obtained from 
mature leaves. Leaves were chosen for DNA 
analysis since they are both easier to extract 
and less heterogeneous than seeds. It is implicitly 
assumed in this work that the DNA content per 
cell is constant for all somatic cells within a 
given species, so that the LD;)s and DNA 
contents may reasonably be compared. 

On the other hand, there is no reason to 
suppose the size of cells in mature leaves is 
closely related to the size of cells in seeds of the 
same species: in fact, the cell size in the endo- 
sperm and in the embryo are probably very 
different in seeds. Hence it is a priori improbable 
that any relation will exist between leaf cell size 
or weight and LD,, of seeds. It seems likely that 
the relationship found here is nothing more than 
a reflection of the generalization that large cells 
possess large nuclei and that the nuclear volume 
or DNA content is the real factor related to the 
radiosensitivity. 

Equation (1) may be compared with SPARROW 
and equation relating nuclear 
volume in y® (J”) with sensitivity to chronic 
gamma radiation in rad/day ($8) for twenty- 
three species of plant: 

log V=4-07-0-73 log S. (3) 

In each case the slope is not greatly different 
from —1, implying that the product of radiation 
dose (LD;, or S) and size of the nucleus (D or 
V’) is roughly constant. SPARROW and 


point out that this means that a roughly constant 


number of ionizations, or deposition of energy 
per nucleus, is required to inhibit cell growth. 

It is clear, however, that the DNA content 
per cell is not the only criterion controlling 
radiosensitivity since predictions of radio- 


sensitivity from equation (1) may be in error by 
a factor of at least five. Chromosome morph- 
ology, chromosome number!) and naturally 
occurring chemicals) are all important internal 
factors modifying the radiosensitivity of living 
organisms. 
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MUTATION RATES IN DOUBLE AND TRIPLE 


HETEROZYGOTES OF IMPATIENS BALSAMINA FOLLOWING 


CHRONIC GAMMA IRRADIATION* 


RALPH E. ALSTON and ARNOLD H. SPARROW 


Plant Research Institute and Department of Botany, University of ‘Texas, Austin 12, Texas, and 
Department of Biology, Brookhaven National Laboratory, Upton, Long Island, New York 


Abstract 


(Received 8 Septe mber 1961 


A somatic mutation rate has been determined for petals of Impatiens balsamina 


heterozygous for flower color. ‘The mutations are thought to result from marker loss of the 
dominant allele. ‘The mutation rate for the Z allele per r of daily exposure determined at 


200 r/day was | in 0-76 
higher dose rates. 


THERE are relatively little data on induced 
mutation rate of normally stable alleles at 
specific loci in higher plants. CuANy, SPARROW 
and Ponp®) obtained mutation rates in Antir- 
rhinum for 3 loci and SPARROW, CUANY, MIKSCHE 
and ScHarrRER‘”? reported mutation rates for 
Petunia, Tradescantia and Lilium. A system 
described here provides a method for obtaining 
separate mutation frequencies for at least 3 
loci in Impatiens balsamina. Preliminary dose- 
effect data and a tentative mutation frequency 
for one flower color factor are included. 


MATERIALS AND METHODS 


Clones were established of heterozygous 


The publishers regret the French and German translations 


were not avatlable at the time of going to press 


10° cells. The dosage-response curve appears to be non-linear at the 


stocks of pink (Pr), red (HPr), purple (LPr) and 
magenta (LHP) flowered Impatiens balsamina L. 
Genetic symbols are those of Davis, TAYLOR and 
AsH. The factor Pr is essential for brightly 
colored flowers, though flowers are pale pink 
in the absence of other dominant color ‘factors. 
In the added presence of H, the flowers are 
bright red; Pr plus L yields deep purple and Pr 
plus both H and L yields magenta flowers. 
Red flowers contain pelargonidin glycosides, 
purple flowers malvidin glycosides and magenta 
flowers mixtures of these pigments (ALSTON and 

A mutation or a loss of the Pr locus in a 
heterozygous magenta flower yields a_ pale 


*Research carried out at Brookhaven National Laboratory under the auspices of the U.S. Atomic 


Energy Commission. 
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Table 1. Somatic mutations in petals of four different genetic stocks of 1. balsamina chronically irradiated with gamma rays. 


Daily No. of unit 
Phenotype and dosage areas No. of mutant spots counted 
genotype in? scored* 


Pale Orange Total 
No./unit No./unit No./unit 
Obs: area Obs. area Obs. area 


0-01 0-00 0-01 


Purple 0 250 2 
LihhP'p 50 336 52 0-15 0 0-00 52 0-15 
100 360 164 0-46 0 0-00 164 0-46 
200 14 371 1-18 0 0-00 371 1-18 
Red 0 250 0 0-00 0) 0-00 0 0-00 
lUHhP'p 50 72 7 0-10 0 0-00 7 0-10 
100 677 122 0-18 0 0-00 122 0-18 
200 624 293 0-47 0 0-00 293 0-47 
Magenta 0 250 0 0-00 I 0-00 | 0-00 
LIHhP'p 50 120 22 0-18 5 0-04 27 0-22 
100 107 72 0-67 1] 0-10 83 0-77 
200 234 252 1-08 81 0-35 333 1-42 
650 19 227 11-95 45 2-26 270 14-2] 
Magenta No flecks were observed at any dosage. 


* Each unit area was 1/4 cm?. 


lable 2. Cell population counts and number of mutant flecks observed at 200 1 day from 133 unit areas of 1/4 cm?. 


No. of cell No. of cells Observed no. of flecks ‘Total no. of 
divisons* in fleck+ of various sizest mutant cells 


~ 160 
2 (~80 ~ 160 
2 2 (~40 ~ 160 
21 168 
16 9 154 


5 32 5 160 
| 192 


512 


*After occurrence of initial mutant cell. 
+Numbers expected if all the progeny of mutant cells undergo the same number of divisions. 
$F lecks were allocated on the basis of cell number to their most appropriate category. Figures in parentheses 
are theoretically expected values based on the observed frequencies of flecks in the 8- to 64-cell categories. 
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colored fleck; a mutation or loss of H yields a 
purple fleck; and a mutation or loss of L yields 
a red (referred to here as “‘orange’’, the color 
appearing when observed microscopically) fleck. 
In practice it is not possible to distinguish 
between mutants of Pr and H. Therefore, we 
have noted only two classes in our results, viz. 
orange and pale. The L allele proved to be 
particularly useful for the study of mutation 
frequency in heterozygous magenta flowers 
because its loss results in distinctive orange 
flecks. Such flecks cannot be confused with 
artifacts arising from mechanical damage or 
physiological effects. 

Genetically marked clonal lines were planted 
in arcs so that they received 50, 100, 200 or 
650 r daily from a 3800c Co® gamma source. 
Further details concerning the source and 
typical methods of exposure are given by 
SPARROW. ‘®) 

Mutant flecks were counted by a method 
previously reported (Cuany, SpaRRow and 
Ponp®), 
mutants per unit area. The unit used is 1/4 cm? 
and there are eight scorable units per petal in an 
average flower. The number of cells in a unit 
area was determined by counting cells across the 
width and length of the 1/4 cm? grid several 
times and finding the average number. By this 
method the number of cells in 1/4 cm? was 
estimated as being 9,197. 


RESULTS AND DISCUSSION 


It may be noted in Table | that the number 
of induced pale mutations in red flowers is 
consistently lower than the frequency of pale 
flecks induced in magenta flowers. This observa- 
tion suggests that the small flecks representing 
a mutation or loss of H (yielding a pink on red 
background) cannot always be recognized. 

The technique used to establish a_ pre- 
sumptive mutation frequency for the L factor 
is similar to that previously reported by 
Demerec.™ It may be seen from Table 2 that 
flecks smaller than the 8-cell category were 
very much fewer than expected. Presumably 
they could not be recognized and, therefore, 
figures for 1-, 2- and 4-cell groups were extra- 
polated using the values for the 8-, 16-, 32- and 
64-cell groups. Actually, values for 16-, 32- and 
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The data are given as number of 
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64-cell groups agree quite closely with that of 
the 8-cell group, so even though the samples are 
small it is likely that the value is relatively close 
to the true mutation frequency. The value for 
the LZ locus, on the basis of data from Table 2, 
is | in 0-76 x 108 cells/r per day. This value is 
based on the assumption that the relation 
between dose rate and yield is linear, which it 
apparently is not. The mutation rate would be 
lower at low dose rates and higher at higher dose 
rates, but the value given is probably a reason- 
able average. 

Although a large number of units was 
scored, the relatively small number of dosages 
gives only a few points for comparison to plot a 
dose-effect curve. The data when _ plotted 
indicate a slightly non-linear dose-effect curve, 
particularly noticeable at the high dose rate of 
650 r daily. 

These color flecks in the heterozygous 
Impatiens balsamina strains are considered to be 
mutations or deletions. The Z allele is particu- 
larly reliable in the magenta phenotype and 
would be well-suited to studies on the effects of 
temperature, dose fractionation, etc., on muta- 
tion induction. Non-genetic effects such as the 
emergence of “‘red”’ tissue following the destruc- 
tion of the epidermis of a periclinal chimaera in 
carnation (SAGAWA and Menteuisr) could not 
be responsible for the orange spots. 

The mutation rate obtained in J. balsamina 
was | in 0-76 x 10® cells/r of daily exposure. 
Previous work has suggested a_ relationship 
between nuclear volume and mutation rate. 
The data on Impatiens is consistent with this 
proposal. 

The estimation of the frequency of mutation 
or deletion of L must be considered tentative. 
We are now acquiring partly isogenic stocks 
which will be irradiated to provide independent 
values for all 3 loci: red (/HHPrp and llHhPrPr) 
will give values for Pr and H respectively; 
purple (LLAAPrp and LihhPrPr) will give values 
for Pr and L _ respectively; and magenta 
(LLHHPp; LLHhPrPr and LIHHPrPr) will 
give independently rates for each of the 3 loci. 
Acknowledgements—The authors wish to express their 
appreciation to Mr. Lloyd Schairer and Miss 
Alexandra Jahn for their technical assistance in this 


work. 
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SOMATIC MUTATION RATES IN DOUBLE AND TRIPLE HETEROZYGOTES 
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A LIST OF MUTANT GENES IN ARABIDOPSIS THALIANA 
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Abstract 
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As part of a programme to study the induction of mutations in Arabidopsts thaliana 


(L.) Heynh. by radiation or by mutagenic chemicals, 190 mutant genes have been named and 
described. ‘These genes have been shown by crossing tests to be distinct and each one embodies 


an easily detectable morphological character. 


INTRODUCTION 

In recent years Arabidopsis thaliana has been 
increasingly used for the study of the induction 
of mutations in higher plants because it has a 
short life-cycle, produces abundant seed, is 
self-pollinated and has a wide spectrum of 
mutations. LarBAcH™” in 1943 first showed the 
value of this species as an object for genetical 
and physiological investigations and since then 
many workers have used it for study. In 1947 
RertnHouz published an account of the effect 
of X-rays on Arabidopsis and described fifty 
mutants, claiming that many of them showed 
characters found in other wild strains and that 
this work demonstrated the value of mutations 
for plant breeding. These mutants were described 
and illustrated but apart from back-crossing 
a few of them to the wild type to check segrega- 
tion, no attempt was made to name any genes. 

Arabidopsis was used by LANGRIDGE® in a 
search for biochemical mutants by growing it in 
aseptic culture in test-tubes. He obtained 
twenty-four mutants after X-ray treatment, one 


“a 


classification of Arabidopsis genes and for the construction of a chromosome map. 


The publishers regret the French and German translations 


were not available at the time of going to press 


This list is intended as a starting point for the 


of them having a requirement for thiamine. He 
did not attempt to compare his mutants with 
those produced by because the 
‘very different growing conditions produced 
quite dissimilar growth. RoBBELEN” has carried 
out a detailed study of the plastids of about 
fifty chlorophyll mutants which he induced in 
Arabidopsis by X-rays, without classifying the 
genes involved. 

By 1960 workers in several different countries 
were beginning to use Arabidopsis for mutation 
research and it was felt that a start should be 
made towards compiling a list of genes in the 
species before too many new mutants were 
produced. Work by the present author to 
compare the mutagenic effects of radiation or 
chemicals in Arabidopsis has produced over 
700 mutations, many of them identical. These 
mutants have been crossed to each other to 
test for allelism and from the results of these 
crosses a list of 190 genes has been compiled. 
Each gene described is morphologically different 
from any other, does not segregate when selfed, 
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A LIST OF MU’ 


and segregates approximately 3 : 1 when back 


crossed to the wild type. 


some of these reveal undetected 


alleles, particularly in the case of the late- 


genes may 
Howering mutants for which five loci have been 
listed. Late-flowering mutants have also been 
described by Rertnuouz’? and by Reper and 
STEINITZ-SEARS® and may be due to different 
loci from those listed here. 


MATERIALS AND METHODS 

All the genes described were from mutants 
of two wild strains of Arabidopsis; **Estland” 
from Langridge who originally obtained it 
from Laibach, and ‘“‘Limbure”’ from Laibach. 
These two strains vary only slightly, Limburg 
flowering one day later than Estland and being 
slightly darker green. The descriptions of the 
mutant genes were compiled when all the 
mutants were growing together under similar 
conditions. 

Seed 


compost and kept at 


boxes of sterilized seed 


overcome dormancy. The plants were grown na 


was sown in 


for four days to 


glasshouse at a temperature of 20-30 Cina day- 
length of 20 hr, provided during darkness by 
‘Daylight’ fluorescent tubes giving approximately 
600 it. c. at 
plants flowered in 19-21 days after germination 


the growing point. The control 
and ripe seed was obtained in 35 days. The 
rosette had a diameter of five cm and the plant 
height at 35 days was 30 cm. Fig. | shows a 
normal plant 25 days old. The morphology and 
flower structure of Arabidopsis has been well 
described further. 

The 


with the 


described by and need not be 


genes have been named in accordance 
rules of the International Committee 
TANAKA et al.(®), 


on Genetic Nomenclature 


with particular regard to part 3 which states 


A further study of 


PANT GENES 


“Mutant genes are designated by letter symbols. 
The mutant name comprises an adjective or 
noun or combination of both that refers to the 
main diagnostic features of the phenotype. The 
initial letters of the symbol should be the 
same as the additional appropriate 
letters are added as necessary to distinguish it 


name ; 


from other symbols already in use.”’ 

Numbers or letters in brackets after the 
description of the gene refer to mutants pro- 
duced by Reinholz (R) or Robbelen (Rb) 
which are thought to be similar but which must 
await genetical analysis for confirmation. Three 
of the genes have been described by Napp- 
ZINN™ stages in the 
vernalization process. 

Since many of the genes involve colour or 


and control various 


physiological differences a monochrome illus- 


tration of many of them would convey very 
little. Accordingly photographs of a few mutants, 
Figs. 2-10, are given to illustrate the general 
habit of some of them. Seed of each mutant is 
kept at this Institute, along with a herbarium 
specimen and aé_ colour transparency for 
reference, and is available in order to check for 
allelism with any new mutants. 

One of the principal objectives of 
research with Arabidopsis is the study of differ- 
ential specificity with radiation or with muta- 


this 


genic chemicals. This list has been compiled to 
assist the classification of mutant genes and to 
facilitate the study of differential gene specificity. 

A chromosome map of Arabidopsis is at present 
being prepared, both by means of crossing 
mutants and by the use of trisomics which have 
now been synthesized. 


Acknowledgements—This work was carried out under a 
grant from the Nufhield Research Foundation. The 
author acknowledges the advice and encouragement 
of Dr. G. D. H. Bett and the technical assistance of 
Mrs. E. J. Sore, Mr. A. ANGus and Mr. P. J. WEBB. 


LIST OF MUTANT GENES 


Name 


angulosa-| 


Symbol 


1841/8. 
angulosa-2 


angulosa-4 


Character 


Leaves narrow, angular, serrated, pale green; stems slender. (R.Sq. 


Like a, but apetalous. 
Leaves narrow, angular, variegated white-green, held erect; slow 


growing; allelic to ay. 


angulosa-3 


Like a, but flowers misshapen with narrow petals. 
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Symbol 


ac 


com 


Name 
acuminata 


acuta 
albasepala 
alta 
albaviridis 
albomarginata 
angustifolia 
ape tala 
albostriala 
attenuata- | 
attenuata-2 
alboi irgala 


axillaris 
basiflava 


biramosa 
circulus 
cae spitosa 


carinata 
chlorina 


coniune 
cine rea 
clausa 
clara 


clavata-| 


clavata-2 
compacta- l 


compacta-2 
conspicua 


composita 


contorta 


A. D. McKELVIE 


Character 
Leaves grey-green, rhomboidal and pointed; slow growing; flowering 
in 31 days; pods small. 
Leaves small, pointed, curled over and crinkled; slow growing; 


flowering in 31 days; pods small. 
Sepals white; rosette leaves dull-green, mottled; stem leaves crinkled 


and hairy with white flecks; flowers fused together. 
Rosette deep, leaves erect; cotyledons and young leaves round; pods 
wrinkled. (R.Sq.2022/19. 

First leaves yellow-white; later leaves yellow-green with prominent 
green mid-rib; old leaves green with white patches. 

Leaves crinkled with white margins; small white patches on leaves and 
pods; tattered flowers; subfertile. 

Leaves narrow, curled over on long petioles; rosette small, flat; petals 
narrow, flowering in 35 days. (R.Sq.2047/18. 

Most flowers apetalous but variable number of petals on later flowers; 
only two sepals, large and persistent; pods erect. 

Vhite patches or streaks on leaves, stems and pods; rosette flat; pods 
bent at tip. 

Leaves long and attenuate; hypocotyls long; stems several, slender; 
plant straggly; flowering in 22 days. 

Similar to at, but leaves broader; petioles drooping: flowering in 
26 days. 

Cotvledons with white stripes: leaves very pale green, turning greener 
later. 

lwo flowers growing from base of each pod; plant otherwise normal. 
Base of young leaves yellow-green; older leaves uniformly green; 
plant otherwise normal. 

Two stems growing from each leaf axil; petioles long; leaves elliptical; 
pods wrinkled. 

Cotyledons and rosette leaves round: much branching; pods often 
small. Complex locus probably comprising several alleles. 

Plant bushy; many leaves and stems; stems less than 4 in. high; 
pods erect and long. 

Leaves thin, round and keeled; dull green; flowering in 20 days. 
Leaves very pale yellow-white, serrated; flowering in 47 days; very 
small with slow growth; subfertile. 

Several flowers fused together; leaves small and round; stems slender, 
pods small. 

Rosette leaves small, grey-green, erect; stems slender; pods small. 
Flowers usually cleistogamous; petals often entirely absent; pods small. 
Cotyledons and rosette leaves yellow-green; stem apices yellow-green ; 
older stem tissue green. 

Pods large, lumpy and club-like; rosette flat; flower buds visible at 
early stage of growth. 

Like clv, but pods slightly longer and straighter. 

Rosette compact; leaves roundish and held at 45° to ground; dark 
green. 

Similar to cm, but stems several and slender; pods small. 

Leaves light green with conspicuous green mid-ribs; flowering stem 
slender. 
Cluster of stigmas at base of each flower; pod erect; stigmas curled 
round base of pod. 

Leaves small, very curled and square-tipped ; slow growing; flowering 


in 40 days. 
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A LIST OF MUTANT GENES 


Character 


Name 


cor cordata Smallish plant with heart-shaped leaves, curled over; leaves pale 
green, rosette deep. 
Cf cuspidata Leaves dark, pointed, narrow: compact bud inflorescence visible; 
flowers small: pods small; spreading habit. ; 
cr; rispa-| Rosette leaves very crinkled and erect; veins darker green than rest of 
Za leat: petals narrow: flowers loose. 
crs crispa-2 Similar to cr, but smaller; rosette more compact. 
re crenata Inner leaves very serrated and slightly keeled; outer leaves rather 
round, dull green; flowers often cleistogamous. 
; ct ( ricta Pods constricted at base: leaves narrow, pointed and rolled at tips; 
3 leaves and cotyledons grey-green. 
- cu cuneata Leaves cuneate, small and serrated at tips; flat rosette: several stems; 
pods small; slightly flat in section. 
Cv, ( a- Leaves concave, dull or dark green; stems several, slender; pods small. 
C's concava-2 Leaves concave, light green, glossy and round. 
cur curvata Leaves curved and crinkled, bright green; rosette deep; flowers loose; 
pods wrinkled. 
d deprimata Slightly smaller than normal; leaves crinkled: rather dark. 
de, declinata-| Rosette leaves oblong and curled over at edges; rosette erect. 
des declinata-2 Leaves crinkled and margins rolled; rosette dies early; flowers loose; 
pods small. 
de densa Plant bushy; stems many, slender; leaves narrow and crinkled; 
subfertile. 
det decussata Cotyledons and first leaves decussate; leaves pointed, dark and . 
crinkled. 
den, dentata-\ Leaves dentate, angular and pointed; rosette flat and spreading; stems 
slender, pods wrinkled. (R.Sq. 2003/19. 
: den, dentata-2 Leaves dentate and elliptical; petals crinkled; pods thin. 
dep depressa Rosette close, flat; leaves light green when young; stems slender; pods 
small or occasionally flat, held at 90° to stem. 
det, determinata-| Inflorescence determinate; cotyledons arching; leaves narrow and 
pointed; pods small. 
det, determinata-2 Inflorescence determinate; cotyledons rhomboidal and yellow-green; 
plant grey-green when flowering; pods small. 
dj deflecta Cotyledons and first leaves strongly curled over: petioles long; rosette 
spreading. 
dil diluta Cotyledons and leaves uniformly light-green; stems slender. ye 
dim diminuta Plant smallish, compact, dark; pods small, held at 90° to stem. 50 
dis distorta Plant small, variable in shape; leaves small and dark green; pods small Be 
and often bent; not exceeding + in. in height. cf 
dr decora Rosette compact, light green, and slightly serrated; plant attractive; cs 
slow growing; flowering in 31 days. 
€ eminens Leaves with prominent green veins on a yellow-green background; 
plant small; flowering in 30 days; not exceeding + in. in height. : 
Rb V24. 
ell elliptica Leaves elliptical, light green; rosette leaves erect; stems slender; ar 
flowers rather small. x 
er erecta Rosette leaves small, erect; cotyledons long; rosette dies quickly; 
pods small. 
es; exsanguis- | Cotyledons light green; rosette uniformly yellow-green; normal green 
when flowering. 3 
| ee exsangutis-2 Similar to es, but yellow-green when flowering; pods square-tipped. 
ex exilis Stems thin, slender; leaves yellow-green, obovate; flowers large; pods 
small. 
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Symbol! 
ext 


Name 


extlensa 


lorens 


florens-\ 


flore ns-2 
jiorens-9 
flore ns-4 
florens-5 


floribunda 


frondosa 


filte aults-| 


filicaulis-2 
licaults-3 
filtiformis 


fruticosa 


Frigida 


fusiformis 


Julgens 


glabra 

gr acilis 
gemma 

gilva 
grandiflora-| 


grandiflora-2 
hirsuta 


iugata 
incomposita- | 
incompostta-2 
incurva-| 


incurva-2 
incurva-3 


incurva-+ 


A. D. McKELVIE 
Character 

Cotvledons long: rosette leaves yellow-green, paler at base, serrated ; 

yellow-green when flowering; stem tips paler; pods small. 

Late flowering; flowering in approx. 20 weeks: rosette dense; leaves 

serrated; early flowering if vernalized; dominant. 

Late flowering: flowering in 40 days not affected by vernalization; 

large rosette up to 8 in. across; heterozygote intermediate. (R.Sq. 

2020/14 or Sq. 2091/13. 

Similar to f, but flowering in 31 days. 

Similar to /; but not allelic. 

Similar to f,; but flowering in 28 days. 

Similar to /, but not allelic. 

Flowers many; slightly pale: leaves cordate: leaf margins inrolled; 

stems many, short; pods long. 

Plant leafy; uniformly slightly pale; stems several; leaves small; pods 

small. 

Stems many, thin, crinkled; not exceeding 2 in. in height; pods long, 

thin with few seeds. 

Similar to fi, but darker and more glossy green: leaves twisted. 

Similar to fi, but rosette leaves flat. 

Plant slender: leaves narrow, pointed; cotyledons small dark; pods 

small. 

Plant bushy; leaves grey-green, pointed; flowers small; petals mis- 

shapen; fully fertile. 

Controlling stage in vernalization process Napp-ZINN 

Flowers fused together; leaves small; elliptical, pointed ; stems slender; 

pods small. 

Rosette leaves yellow-green; cotyledons light green; slow-growing, 

flowering in 40 days. 

Glabrous: vigorous growth; few hairs occasionally on leaf margins or 

stems. (R.Sq.1933/44. 

Stems slender: cotyledons yellow-green; rosette leaves dark, curled 

and crinkled; pale green when flowering; pods small. 

Flower buds in cluster in base of rosette; many small leaves in rosette; 

stems sometimes fasciated; pods small. 

Leaves pale, serrated; normal green when flowering; stems slender; 

pods small. 

Flowers large; leaves light green, serrated ; petals often fewer than four; 

flowering in 35 days. 

Flowers large: cotyledons and rosette leaves round. 

Rosette leaves very hairy; cotyledons dull green; leaves round; tips of 

stems pale green. 

Stems usually fasciated; mass of individual flowers on stem; rosette 

leaves crinkled; pods small. 

Plant straggling; cotyledons yellow: rosette leaves yellow-green; stems 

yellow-green at tips; slow growing, flowering in 31 days. 

Rosette leaves with irregular yellow-white patches; leaves light green; 

plants small Rb.VI6). 

Rosette leaves long thin and completely incurved; stem leaves narrow 

and pointed; flowers and pods small; sub-fertile; flowering in 24 days. 

Similar to in, but smaller and flowering in 29 days. 

Similar to in, but slightly darker; petals and sepals more persistent 

than normal. 

Similar to in, but leaves broader and bright green; cotyledons round. 
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Symbol 
inc, 


inc, 
ind 


fac 


mc 
min 
ml, 


mls 


mt 


mu 


Name 


incisa- | 


incisa-2 
indiga 


juvenilis 
Kryophila 
latifolia 


laxa 
lacerata 
languida 


latiloba-| 
latiloba-2 
lurida-| 
lurida-2 


lepida 


longifolia 


longa 
linearis 
longipe tala 


longipetiola 
laelivirens 


lucida-| 
luc ida-2 
lutescens 


lutea 
le i 1s 


maculosa- | 
maculosa-2 

maculosa-3 
mat ulosa-4 


marmorata 
minuscula 
minuta 


minimaloba- ] 
minimaloba-2 
multicaulis 


munda 


A LIST OF MUTANT GENES 


Character 
Rosette leaves dark, flat, serrated: sometimes only one cotyledon: 


stems grey-green; pods small. 
Similar to inc, with leaves light green, serrated. 

Plant small, dark: petals thin and persistent, not opening wide; pods 
small and wrinkled. 

Controlling stage in vernalization process (NAPP-ZINN 

Controlling stage in vernalization process (NAPP-ZINN 

Rosette leaves large and broad; main stem thick; cotyledons rather 
square. 

Perianth parts loose; petals tattered; rosette flat, dull green: stem leaves 
narrow and serrated: dark green when flowering. 

Rosette leaves very pointed, yellow-green incurved: fiowers small 
yellowish. 

Cotyledons green with white patches, drooping: leaves light green: 
petals few: pods small. 

Pods broad; leaves slightly dark. 

Similar to /b, but flower buds in cluster at base of rosette. 

Plant pale yellow, shining; hypocotyl long; plant slender. 

Rosette leaves and cotyledons yellow-white: becoming yellower later: 
slow growing; pods small. 

Rosette leaves small, dark, round, glossy; rather larger than ‘rosula’: 
only 4 in. high; pods small. 

Leaves and petioles long: rosette flat: pods small. 

Cotyledons long, narrow on long st.'ks; leaves slightly narrow: pods 
wrinkled. 

Leaves dark, narrow: rosette leaves small, stems many, slender: 
height 4 in. 

Petals long, narrow; rosette leaves large, sepals and petals not over- 
lapping in the bud; pods small. 

Petioles long; rosette leaves elliptical; stem leaves linear. 

Rosette leaves bright yellow-green; stems light green; leaves some- 
times mottled. 

Stems waxless; rosette small, glossy; stem slender; pods small. 

Stems waxless; rosette leaves small, round, dull green; pods small. 
Rosette leaves light green, becoming yellow-green; whole plant 
yellow-green when flowering. 

Cotyledons and rosette leaves yellow-green slender; slow growing. 
Rosette leaves smooth; leaves flat and round: about 6 in. tall; flowering 
in 35 days. 

Rosette leaves lightly mottled, yellow-green, paler at base. 

Mottled like m,: rosette leaves yellow-green pointed, not paler at base. 
Mottled like m,; rosette leaves light green. 

Mottled like m, when young; plant normal later. 

Rosette leaves yellow-white; plant very small, slender, flowering in 
about 40 days; sub-fertile. 

Plant small not exceeding 3 in. in height; rosette small, dark, flat: 
pods small. 

Plant small, yellow-green; cotyledons curled over; leaves serrated: 
slow growing; about 5 in. tall. 

Pods small; stigma large; plant normal size; leaves curled at edges. 
Pods small like m/,; flowers large; rosette leaves almost rhomboidal. 
Stems many; cotyledons curled over; stems light green; pods small. 
Plant small, neat, 7 in. tall; cotyledons and leaves dark: rosette leaves 
bowl-shaped, round and flat. 
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Symbol 


neg 


nt 


Name 
neglecta 


nilida 


nigra 


notabilis 
nota 
obovata-| 


obovata-2 


obscura 
obtusa 
oblonga 
opaca 
orbiculata 
ovata- | 
ovata-2 
patula 
pallida-| 
pallida-2 
petiolata 
pinguis-1 
pinguts-2 
plana-\ 


plana-2 
praecuta 


patella 


quadrata- | 


quadrata-2 
rosula-| 


rosula-2 
rosula-3 


rhombotdea 


ramosa 
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Character 
Plant dwarf; cotyledons and rosette leaves yellow-green; height 3 in.: 
leaves incurved; pods small; stems slender. 
Plant small; leaves bright, glossy; rosette compact; leaves small and 
round; petals short; sub-fertile; height 7 in. 
Rosette leaves dark green and glossy: cotyledons small and dark: 
anthocyanin visible at base of stems: stems several, slender; height 7 in. 
(R.Sq. 1946/5.) 
Plant distinct with rosette and stem leaves yellow; cotyledons yellow- 
green; stems several, slender; height 6 in. (Rb. VI.) 
Plant distinct with cotyledons and rosette leaves dark green; leaves 
pointed, sometimes with white flecks; stems several, slender; pods small. 
Leaves obovate; rosette leaves yellow-green; stems pale green; bud 
opening early; petals thin. 
Leaves obovate, bright green; stems several. 
Plant small, dark; leaves serrated and angular; leaves drooping; dark 
green when flowering; height 5 in. 
Leaves blunt, oblong, dark; cotyledons long dark; petals thin. (R.Sp 
2043/14.) 
Leaves oblong, dull green; rosette flat; flowers not opening wide: 
pods small. 
Leaves and cotyledons dull, yellow-green; rosette flat; yellow-green 
when flowering stems several; pods small. 
Cotyledons round; rosette leaves round, puckered, curled up at edges: 


stems several, slender; pods small. 

Rosette leaves, ovate, pointed and pale green; dull green when 
flowering; stems several, slender; pods small. 

Rosette leaves ovate, light green; leaves held erect; pods normal size. 
Plant spreading, straggly: rosette leaves dark and curled; pods small. 


Rosette leaves yellow-green, paler at base; stems pale green with 
anthocyanin; pods small. 

Rosette leaves yellow-green, round; stems normal green; pods small 
with square tips. 

Petioles long; leaves light green, pointed, elliptical; petals thin, 
tattered; pods small. 

Rosette small, plump; leaves small and curled; petioles long; flowering 
stems thick; pods wrinkled. 

Leaves small, smooth, round; leaves curled similar to /g,; pods 
normal. 

Rosette flat, slightly pale; leaves round; pale green when flowering; 
stems several, slender. 

Rosette flat; leaves dull green; stems several. 

Rosette leaves pointed; cotyledons and rosette leaves light green; 
normal when flowering. 

Rosette leaves round and saucer-shaped, light green; pods wrinkled. 
Pods square-tipped; rosette leaves long, pointed, pale green when 
flowering; flowering in 31 days. 

Pods square-tipped; rosette leaves light green; normal when flowering. 
Rosette small, compact and glossy; leaves sessile; flowers small; sub- 
fertile; height 2 in. (R.Sq. 2038/5. 

Similar to r, but slightly larger and more fertile. (R.Sq. 2038/5. 
Similar to 7, but slightly smaller. 

Rosette leaves grey-green, pointed and rhomboidal; anthocyanin at 
base of stem; semi-waxless; small pods. 

Plant straggly with many side branches; pods wrinkled. 
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Svmbol 


xa 


Name 


rotunda 
retroflexa-| 
retroflexa-2 
rugosa-| 
rugosa-2 

Sé minosa 

Sé rrata-| 


serrata-2 


sulfurea 

Sé mtglabra 
stnuata 
serrulala 
stellula-| 


stellula-2 


semwiridis-| 
SEMIS 


semiviridts-3 


tenuis 
terminata 
undosa 
variegata-| 
variegata-2 
varia 
verttcillata 
venalucida 
viridis-1 
virtdis-2 


xantha 


A LIST OF MUTANT GENES 


Character 
Cotyledons round; leaves broad; stem leaves large; petals thin, 
tattered; pods small. 

Cotyledons curled over backwards; leaves crinkled and curled; 
petioles long. 

Rosette leaves completely curled; cotyledons normal; leaves small; 
slow growing; pods small. 

Pods wrinkled; cotyledons small; rosette leaves light green; petals 
loose, tattered. 

Pods wrinkled; cotyledons dull green; leaves small, crinkled; flowers 
large; pods small. 

Pods small, curled; cotyledons round; stigma large; sub-fertile. 
R.Sq. 1991/19. 

Leaves serrated; cotyledons long; flower bud opening early; petals 
few: pods small. 

Leaves serrated, dark and round; rosette flat. 


and rosette leaves yellow; plant yellow-green when 


R.Sq. 2072/4. 
Cotyledons 
flowering; stems several. (Rb.V2. 
Semi-glabrous; rosette large, spreading: leaves slightly incurved ; pods 
small. 

Leaves curled, light green; plant light green when flowering; stems 
several, slender. 

Leaves serrated ; cotyledons light green; pods small; 8 in. tall; flowering 
in 32 days. 

Rosette flat, star-shaped; leaves very small on longish petioles; height 
4 in. 

Similar to st, but larger; leaves dark and crinkled; stems several. 
Rosette leaves yellow-green with prominent green mid-rib; cotyledons 
yellow-green; pods yellowish; 6 in. tall. 

Rosette leaves mottled yellow-green; cotyledons light green; pale green 
when flowering; pods wrinkled. 

Similar to sv, but 9 in. tall. 

Plant small, slender: cotyledons long, white-green; leaves light green; 
pods small; height 3 in. 

Inflorescence determinate; leaves dull green; anthocyanin at base of 
stem; pods small; 3 in. tall. 

Rosette leaves crinkled and wavy; serrated; bright green; pods small. 
Plant small, variegated white-green; expression varying; pods small. 
Similar to v, but larger and greener. 

Plant uniformly yellow-green throughout growth; leaves small; slow 
growing; pods small. 

Flowers in whorls; inflorescence determinate; cotyledons long; leaves 
dark, pointed; pods small. 

Vein-clearing on leaves; otherwise normal; expression varying, being 
more pronounced in cool conditions. 

Cotyledons yellow-white; rosette leaves small, light green; yellow- 
green when flowering; slow growing; height 7 in. 

Rosette leaves yellow-green; cotyledons light green; pale green when 
flowering; slow growing; height 4 in. 

Cotyledons and leaves yellow-green; plant small, yellow-green when 
flowering; height 6 in. 
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Fic. |. Control plant (Estland), 25 days old (natural size). 
Fic. 2. Mutant iugata with fasciated stem and clustered flowers. ( x 0- 
Fic. 3. Mutant verticillata with flowers in whorls and dark pointed leaves. | 


> 


Fic. +. Mutant florens-3 with large rosette and flowering in 31 days. ( « 0-75. 
Fic. 5. Mutant caespitosa with bushy habit and multiplicity of short stems. 
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6. Mutant /ongipetiola with long petioles and elliptical leaves. ( 0-75. 


Mutant avillaris with flowers growing from the base of some pods. ( » 
Fic. 8. Mutant c/avata-1 with large club-like pods. ( 1-5. 
Fic. 9. Mutant seminosa with small curled pods. ( x 3. 


Mutant ferminata with determinate inflorescence and many short stems. ( » 
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THE GAMMA RADIATION FIELD OF THE “COMITATO 
NAZIONALE PER L°ENERGIA NUCLEARE”, ROME 


F. DDAMATO,* G. T. SCARASCIA,* U. BELLIAZZI,+ A. BASSANI,+ S. CAMBI,+ P. CEVOLOTTO,+ 
P. GIACALONE? and S. TAGLIATI§ 
Comitato Nazionale per l’Energia Nucleare, Rome, Italy 
(Received 7 Fune 1961) 


Abstract—A brief account is given of the characteristics and operation of the gamma 
radiation field of the ‘‘Comitato Nazionale per |’Energia Nucleare (C.N.E.N.)’’, located at the 
“Centro Studi Nucleari della Casaccia”, 28 km north of Rome. Irradiation work at the 
gamma field by members of the Laboratory of Plant Genetics and guest-investigators is also 


described briefly. 


The publishers regret the French and German translations 


were not available at the time of going to press 


Since the spring of 1960, a gamma radiation 
field has been in operation at the “Centro Studi 
Nucleari della Casaccia, Comitato Nazionale 
per l’Energia Nucleare (C.N.E.N.)”. The 
Centre, covering an area of nearly 60 hectares, 
is located at 28 km from Rome and 5 km from 
Anguillara, a village on lake Bracciano. 

Due to space limitations, the gamma field is 
located rather close to various laboratories, 
greenhouses and experimental fields. In order 
to avoid health hazards and to keep at a 
minimum an expected increase in background 
radiation, several precautions were taken in the 
installation of the radiation source. The 
present paper gives a brief description of the 
C.N.E.N. gamma field, which may prove useful 
to those who might either wish, or be required, 
to build a radiation field in a situation similar 
to the one met with at “‘Casaccia’’. Concerning 
other gamma fields and facilities for plant 
radiobiological work already established in other 
countries, see References 1—4. 


THE FIELD 
The field (Fig. 1) covers a circular area of 
approximately 6°300 m? (radius, 45 m), en- 
closed by an embankment 6 m wide at the base 


*Laboratorio di Genetica Vegetale del C.N.E.N. 
tUfficio Lavori “‘Casaccia”’ del C.N.E.N. 
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and 3°5 to 5 m high (wall height varies accord- 
ing to the elevation of the surroundings). 
Access to the field is gained through a 3 m 
wide path guarded by two gates, of which one is 
provided with an electrical safety lock and the 
other can be opened from inside the field only. 
The entrance is shielded by an 0°5 m thick and 
3°5 m high concrete wall (density, 2°5) situated 
5 m behind the external edge of the embank- 
ment (Fig. 1). 

The control house is located on the right side 
of the entrance, as an extension of the embank- 
ment. For this building concrete with a density 
of 2°5 was used and the wall thickness was 
maintained at 50 cm throughout. A radiation 
shielding window made by Chance-Pilkington 
Optical Works, England, permits inspection of 
the field from the control house while the radia- 
tion source is in operation. The window is 
composed of two equal blocks, the “‘hot’’ side 
block being of 2°67 g/cm* density stabilized 
glass and the ‘“‘cold”’ side block of 2°53 g/cm® 
density unstabilized. An underground passage, 
carrying the irrigation pipes and the various 
cables for the remote operation of the radiation 
source, connects the control house with the 
central dry well housing the lead container. For 

+Divisione Affari Generali del C.N.E.N. 

§Gruppo Fisica Sanitaria ‘‘Casaccia” del C.N.E.N. 
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the irrigation system, plastic pipes designed for 
Six 


irrigating 


water pressures up to 7 atm were used. 


suitable for connection to 


heads are uniformly distributed along a ring 


outlets 


26 m in diameter. A specially designed system 
of gate valves permits the use of either one 
irrigating head only or two to six heads in any 
possible combination. Flow per minute and 
total volume of water distributed in a given 
time can be recorded on instruments in the 
control house. 

For safety purposes, a 2 m high wire fence at a 


distance of 4 m from the external perimeter of 


the embankment excludes casual visitors from 
the area. 
CHARACTERISTICS AND OPERATION OF THE 
GAMMA RADIATION UNIT 

The gamma radiation unit was made avail- 
able by the U.S. Government for the Atoms-for- 
Peace Programme, as an aid to a research pro- 
ject in plant radiation biology, to be carried 
out by the Laboratory of Plant Genetics, 
C.N.E.N. The unit, which was loaded at 
Brookhaven National Laboratory, Upton,U.S.A., 
with approximately 250 c of Co® in May 
1958, consists of the following parts (Fig. 2 


electromagnet 


_lead stopper 


source 


Fic. 2. Cross-section of the radi- 


ation unit and of the dry well 
(lengths in mm.). 
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Aerial view of the gamma field. 
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(i) a cylindrical lead shield (container), 40 cm 
in diameter and 80 cm in height; 

ii) a steel pipe, mounted on the container, in 
which the gamma source can be moved; 

(i) the Co® source made by two hollow 
cylinders with a height of ca. 10 cm each. Top 
shielding of the source is obtained with a lead 
stopper, the upper surface of which is covered 
by an iron plate; 

(iv) an electromagnet, which is moved into the 
steel pipe by a cable attached to a windlass. 
When the current is on, the electromagnet 
picks up the radioactive source. 

All precautions have been considered in order 
to prevent mistaken operations or accidents. 
Although the operator is supposed to make sure 
every time that all persons have left the field, 
the first operation to be performed at the control 
panel is a 60sec alarm. Since, during this 
period, no tension can be given to the electro- 
magnet, any person accidentally present in the 
field may have time to reach the control house 
or to press one of the three emergency switches 
distributed in the field (this will prevent any 
further operation in the control house). After 
this alarm, elevation of the radiation source at 
1-5 m above ground takes place by means of an 
electric motor (if required, hand elevation is 
possible) ; a special sound accompanies elevation 


of the source. 


Electric locks do not allow the elevation of 


the source when either of the gates is open; 
moreover, sixteen red flashing lights on the 
external wire fence are put into action when the 
source is up. To avoid confusion, a device has 
been developed which de-energizes the electro- 
magnet when any two contiguous lamps cease 
functioning. If any failure of the current causes 
the source to fall into the container, a bell will 
ring both in the control house and in the 
Genetics Laboratory. At the same time, a 
recording watch on the control panel will enter 
into action. 

The electrical current for the operation of the 
gamma ficld is derived from batteries. By this 
means, no case of uncontrolled dropping of the 
source has occurred so far. 


DOSIMETRY 
Dosimetry was made by means of ionization 


chambers as well as by the Fricke’s dosimeter; 
a reasonable agreement between the two 
methods was found. Measurements in the 
gamma field were made at several distances 
from the source and at two levels above ground; 
namely, | and 1*5 m. Other measurements took 
place in the control house and at several 
points on the external edge of the embankment 
and along the wire fence. In Table 1 and 


Table 1. Dose rates (r/hr) at various distances from the 
source in the Casaccta gamma-radiation field. 


Distance from the source (m Dose rate r/hr 


| 232 
58 
5 9-2 
10 2°15 
20 0-515 
40 0-123 
18 0-003 
(external edge of the 
embankment 
52 0-0025 
wire fence) 
in the control house 0-0017 


Fig. 3, the dose rates in r/hr at various dis- 
tances from the radiation source and in different 
points of the installation are shown (January 
1961). It is seen that the effectiveness of the 
earth shielding brings the dose rate along the 
fence well below the permissible limits fixed by 


the I.C.R.P. 


IRRADIATION WORK 


So far, the gamma radiation field has been 
utilized to gain preliminary information on 
the relative resistance to chronic gamma 
radiation of plant species in the genera: Bromus, 
Campanula, Crepis, Dianthus, Linum, Nicotiana, 
Papaver, Penstemon, Potentilla, Senecio, Trifolium, 
Vicia. In each genus species were chosen on 
account of chromosome number and size, 
growth habit, biochemical traits, etc. 

Chronic irradiation experiments are also in 
progress, since June 1960, on several tree species : 
apple, pear, peach, Pinus, Cupressus, Thwa, 
Juniperus, grapevine, olive trees and ornamental 
shrubs. In addition, an irradiation experiment 
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Dose rate at different distances from the Co 


60 


source. Note the shielding effect 


of the embankment at 45 m. 


for the whole growing season has been started, 
1961, on Italian 
varieties of durum and bread wheats. 


beginning January many 
Criteria in the analysis of radiation response 


are: gross morphological reactions, chromo- 


somal changes (in favourable cases), somatic 
mutation, pollen fertility, embryo damage and 
seed setting. The reaction to chronic radiation 
of enzyme systems, per se and in connection with 
other radiation effects, is also being studied. 
This line of investigation appears to be highly 
promising. 

Research workers and graduate students from 
Euratom countries and from Italian Universities 
and Agricultural Experimental Stations have 
already been allowed to work at the “ 
field. 


plant materials for scientists and institutions is 


Casaccia”’ 


gamma Gamma and 


also currently made by the personnel of the 


X-irradiation of 


of Plant 


irradiation service of the Laboratory 
Genetics. 
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TUMOR FORMATION ON IRRADIATED LEAVES OF A 
TOBACCO HYBRID* 


GEORGE L. HAGEN+ and JAMES E. GUNCKEL 
Department of Botany, Rutgers, The State University, New Brunswick, New Jersey 
(Recetved 24 October 1961 


Abstract—Wounding of leaves of the tobacco hybrid /Vicotiana glauca 


N. langsdorffit caused 


tumor formation at the site of the wound where metabolites would have collected under 
normal transport conditions. Gamma irradiation, which above certain levels enhances tumor 
formation in this hybrid, changed neither the site nor the amount of tumor tissue formed. 
Tumor development closely followed the pattern of wound callus formation. 


The publishers regret the French and German translations 
were not available at time of going to press 


INTRODUCTION 
Kosrorr” has shown that the hybrid tobacco 
Nicotiana glauca NV. langsdorffii forms tumors 
spontaneously when the plants are mature and 
can be induced to form tumors in response to 
chemical treatments and wounding. SPARROW 
et al.O) have shown further that ionizing radia- 
tion will increase tumor formation and initiate 
it at sites where otherwise it would not be found. 
In fact, mm vivo tumor production can be 
increased up to 500 per cent (wet weight) by 
irradiation of the plants with a sufficiently 
high dose from a cobalt 60 gamma source.@° 
and and Izarp® have reported 
abnormal growths on mature leaves by wound- 


ing, by accidental spraying with a greenhouse 
whiting compound and by treatment of leaves 
with some plant growth substances. SPARROW 
and Ponp'!”) indicated that insect damage could 
cause teratomatous tumor production on 
hybrid leaves. Since ionizing radiation does 
increase general tumor production and wound- 
ing causes tumors at the wound site, it was 
felt that a combination of wounding and 
irradiation might increase both the incidence 
and the amount of tumor tissue formed. 
HAGEN et al. reported that the stem tumors 
on this hybrid developed in an ontogenetic 
sequence from non-organoid to organoid out- 
growths. These were derived from adventitious 


*Research carried out in part at Rutgers, The State University, under A.E.C. Contract No. AT(30—1)—1120 
and with the cooperation of the University Research Council and in part at the Brookhaven National 


Laboratory under the auspices of the U.S. Atomic Energy Commission. 
+Present address: The Institute for Cancer Research, 7701 Burholme Avenue, Philadelphia 11, Pennsylvania. 
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meristematic centers on the surface and in the 
sub-surface of the tissue. The actual histological 
sequence of events leading to tumor formation 
in leaves has yet to be described. 


MATERIALS AND METHODS 
Hybrid plants were grown in the control 
SPARROW and 
50. 100. 150, 250. 
(11) 


fields and the gamma-field 
SINGLETON ®)) at dosages of 25, 
325 and 400 r/day for a period of six weeks. 


All plants showed the characteristic radiation 


responses described by Sparrow ef al.C)) Using 


mature leaves, wounds by slits or punches were 
then made across the major vein, the side vein 
and on a part of the blade without any visible 
vascular development. After wounding, collec- 
tions of material for histological study were 
made at 2-day intervals for a period of 3 weeks. 
This material (leaf the 
wound site) was fixed in FAA, dehydrated in 
n-butanol and embedded in paraffin. Sections 


tissue excised from 


were cut parallel to the epidermis at 8 and 
stained in safranin, hematoxylin and fast green. 


RESULTS 


Tumor production on punched and_ slit 
leaves was first visible after 10 days and con- 
tinued to develop up to the final collection. 
Tumor formation occurred on both the major 
veins and on the side veins following wounding 
of these areas. If the leaf was cut in an area 
containing no veins, no tumors developed. In 
all cases, tumors formed on the part of the cut 
furthest removed from the petiole. Radiation 
treatment during the injury-recovery period had 
no increased effect on tumor production in 
wounded the field 


showed as rapid and as much tumor production 


leaves: leaves in control 
following wounding as did leaves at any dosage 
in the gamma-field. Thus, radiation treatment 
neither increased nor inhibited tumor forma- 
tion on wounded leaves. 

Histological studies showed palisade, 
spongy mesophyll, phloem parenchyma, pro- 
cambium or subsequently developed meristem 
in the wound callus initiated tumour develop- 
ment by cell and subsequent 
cell division. Fig. | 
enlargement and division of a parenchyma cell 
adjacent to the wound surface. Fig. 2 gives 


enlargement 


shows an example of 


an overview of the initial stage of leaf tumour 
development. Cells at the top of the figure 
show breakdown at the cut surface. Three to 
four cells below the cut surface they enlarge 
markedly and divide to form a short file of 
callus cells. In the region of a trace, however, 
those cells confluent with a developing pro- 
cambial strand will continue to divide to form 
a small meristematic zone. Following this, the 
meristematic areas increase further in size and 
elements which 


vascular connect 


Fig. 3). Eventually the entire area 


produce 

basipetally 
becomes meristematic, with numerous groups of 
dividing cells present (Fig. +). Finally, aberrant 


apices are formed from these meristematic 


the 
with abnormal leaves 
the meristematic areas proliferated from par- 


centers, resulting tumor being covered 


a teratoma). In all cases 
enchyma, callus or procambial tissue. 
DISCUSSION 


The that if cells have 
reached a degree of differentiation beyond the 


results indicate not 
capacity to return to meristematic activity they 
are capable of initiating tumors. BLocH™ has 
stated that in such responses as wound healing, 
any cell with a nucleus can give rise to callus 
tissue by enlargement and division. Esau®) has 
summarized the steps in callus formation in 
grafts indicating that hyperplasia follows cell 
enlargement. She further showed that paren- 
chyma cells nearest the injured area are the 
first cells to enlarge, this occurring to a depth of 
several cells, and that these cells subsequently 
divide to form the callus SKooc'®) 
implicated the vascular tissue in the formation 
of a callus. However, he showed that extracts 


tissue. 


of plant tissues or extracts from vascular cells 
were sufficient 
pith parenchyma. Further, the organization of 
meristems and subsequent vascularization fol- 
lowed callus formation whether the callus was 
left intact on the pith parenchyma or excised 
and cultured separately. It has been clearly 
demonstrated by Wetmore and Sorokin“ that 
in scion-callus grafts of lilac, the apex, or IAA 
plus sugar can vascularize the callus. Vasculari- 
zation of tobacco callus has been shown to be 
associated with both IAA and_ kinetin, 
although CLurrer®) has recently demonstrated 


to induce callus formation in 
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that differentiated pith parenchyma of tobacco 
can be induced to divide and form vascular 
tissue by the simple addition of IAA. 

In this work three conditions were necessary 
for tumor initiation and development: a 


wound, vascular tissue, and the interruption of 
basipetal flow of metabolites. The absence of 


any one of these conditions resulted in no 
tumor formation. Tumor formation in the 
leaves of this hybrid followed the pattern of cell 
enlargement, cell division, formation of meriste- 
matic areas, xylem differentiation and, finally, 
bud differentiation consistent with the summary 
of Esau and the work of Skooc*) and SKooG 
and 


Acknowledgements—The authors wish to thank Dr. A. H. 


Sparrow for discussions during the initial stages of 


this work and the Photography and Duplicating 
Division at Brookhaven for assistance with illustrative 
material. 


REFERENCES 


Biocn R. (1941) Wound healing in_ higher 
plants. Bot. Rev. 7, 110-146. 


Cuiurrer M. E. (1960) Hormonal induction of 


vascular tissue in tobacco pith in vitro. Science 132, 
548-549. 
Esau K. (1953) Plant Anatomy. John Wiley, New 
York. p. 393. 
Hacen G. L., Guncket J. E. and Sparrow A. H. 
1961) Morphology and_ histology of tumor 
types induced by X, gamma and beta irradiation 
of a tobacco hybrid. Amer. 7. Bot. 48, 691-699. 
Izarp C. (1952) Etude des tumeurs spontanées de 
certains hybrides interspécifiques de Nicotiana. 
Thesis, University of Toulouse. p. 121. 


6. 


Keune A. E. and Smiry H. H. (1954) Genetic 
tumors in Nicotiana hybrids. pp. 55-78 in 
Brookhaven Symposia in Biology, 6—Abnormal 
and pathological plant growth. Brookhaven National 
Lab., Upton, N.Y. 

Kostorr D. (1943) Cytogenetics of the genus 
Nicoliana. States Printing House, Sofia, Bulgaria. 
p. 1071. 

Sxooc F. (1954) Chemical regulation of growth 
in plants, pp. 148-182. In J. Boe (ed.), Dynamics 
of Growth Processes. Princeton University Press, 
Princeton, New Jersey, U.S.A. 

Sxooc F. and Mitter C. O. (1957) Chemical 
regulation of growth and organ formation in 
plant tissues cultured in vitro, pp. 118-131. In 
Symposium on the Biological Action of Growth Sub- 
stances. Soc. Exp. Biol. 11, Cambridge University 
Press, New York. 

Sparrow A. H. and Gunexet J. E. (1956 
Induction of tumors by ionizing radiation on 
stems, leaves and roots of an_ interspecific 
Nicotiana hybrid, pp. 485-88. In J. S. Mrrcue tt, 
B. E. Houtmes and C. L. Surru (Eds.), Progress in 
Radiobiology. Oliver and Boyd, Edinburgh. 
Sparrow A. H., GuncKEL J. E., SCHATRER L. A. 
and HacEn G. L. (1956) Tumor formation and 
other morphogenetic responses in an amphi- 
diploid tobacco hybrid exposed to chronic gamma 
irradiation. Amer. J. Bot. 43, 377-388. 

Sparrow A. H. and Ponp V. (1956) Some 
cytogenetic and morphogenetic effects of ionizing 
radiation on plants, pp. 125-139. In, A Conference 
on Radioactive Isotopes in Agriculture. U.S.A.E.C. 
TID 7512. U.S. Government Printing Office‘ 
Washington D.C. 

Sparrow A. H. and SINGLETON W. R. (1953 
The use of radiocobalt as a source of gamma rays 
and some effects of chronic irradiation on growing 
plants. Amer. Nat. 87, 29-48. 

Wetmore R. H. and Sorokin S. (1955) On the 
differentiation of xylem. J. Arnold Arbor. 36, 
305-317. 


4 
4 
9. 
OL. 
12 
hey 
9 
. 
4. 
5. 14. 
i 
: 
EY 


VOL. 
1 
1961 
a 
a 
* 


in wounded leaves of y- 
N. langsdorffii hybrid tobacco plants. Fic. 1. Cell divisions 
in highly vacuolated parenchyma tissue initiating callus formation below a necrotic 
Fic. 2. Cell hypertrophy and hyperplasia at the cut surface and 


Fics. 1-4. Developmental sequence 
irradiated Nicotiana glauca 


wound area. x 570. 
enlargement and division of cells below the cut surface to form files of callus cells. x 140. 
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Fic. 3. Upper area of dark presumptive tumor cells with established vascularization. 

Below—files of callus cells with procambial strands established. Vascularization of the 7 

tumor will be basipetal. « 160. Fic. +. Meristematic cells organizing into growth centres 
which will lead to the development of a teratoma. » 195. 
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Immediate and Low Level Effects of Ionizing Radiations. 
(Edited by A. A. Buzzati-TRAvERsO.) 1960. 
Taylor and Francis, London. $8.00 (paper) iv +381. 

THE proceedings of the symposium held at Venice on 

June 22-26, 1959, are contained in this volume. The 

increasing use of radiation sources in the modern 

world and the small amount of emphasis placed on 
the biological effects of low level radiation at recent 
symposia, provided the impetus for the support of 
this meeting by U.N.E.S.C.O., I.A.E.A. and Conitato 

Nazionale per le Recerche Nucleari (the Italian 

Atomic Energy Agency). Thirty-three short papers on 

rather diverse subjects were presented, not all of 

which are going to be of interest to botanists. 
Kirby-Smith and Randolph discuss the biological 
importance of  radiation-induced free radicals 
measured by electron spin resonance; they present 
evidence that supports the hypothesis that the 
primary site of damage in the cell with ionizing 
radiation is in chromosomal protein and with u.v. in 

DNA. Some of the molecular changes produced in 

DNA by radiation and some other radiomimetic 

agents are discussed by Alexander et al., and 2 papers 

are presented by Bender and Lejeune on cytological 
observations of mammalian chromosomes. ‘Tech- 
niques have been perfected over the last 5 years 
which make possible observations of mammalian 
chromosomal morphology which have long been 
possible in plants. The short review article by van 

Bekkum on mechanisms of chemical protection 

against ionizing radiation will be of interest to students 

of this intensively studied field. Maisin ef al. report an 
interesting case of induced radioresistance in yeats. 

Repeated small doses of X-rays or continuous 

y-rays in the 50 mr/day range confer increased 

resistance on yeast cells to killing doses of X-rays. 

Furthermore, this resistance was shown not to be a 

selection of genetically altered members of the 

population. The growth rate of sporangiophores of 

Phycomyces has proven to be an extremely sensitive 

biological indicator of ionizing rays; doses at the 

milliroentgen level produce detectable effects. 

Forssberg and Novak have studied the relationship 

of growth rate to biochemical changes in this fungus. 
Ebert and Howard have continued their work on 

the effect of inert gases on radio-sensitivity using both 

Vicia faba and Ehrlich ascites tumour. They suggest 

that in a cell the inert gases may be in competition 

with oxygen for a site which might be of a lipoid 
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nature; hence, the protective action of inert gases is 
governed by their solubility in lipids. There are 
several papers on various phases of bacterial responses 
to ionizing radiations. Senior authors here are Adler, 
Demerec, Alper and Marcovich. 

Work on the effect of low levels of ionizing radia- 
tions on higher plants is almost entirely missing from 
this publication; whether this is a deliberate oversight 
by the organizers or a result of the scarcity of the 
workers in the field is unknown. Yet, even with this 
somewhat restricted scope there are enough papers of 
a general nature so that this symposium will be of 
interest to most radiobotanists. 

D. E. Wiser 


Division of Biology and Medicine, U.S. Atomic 
Energy Commission, Offstte Ecological Research of 
the Dwision of Biology and Medicine— Terrestrial and 
Fresh Water. U.S.A.E.C. Division of Technical 
Information Extension, Oak Ridge, Tennessee. 
$2.50. (Available from the Office of Technical 
Services, Department of Commerce, Washington 

Tuis 138-page booklet is a compilation of outlines of 
39 research programs currently being supported at 
universities and colleges by the Commission through 
its Environmental Sciences Branch. The outlines 
were written by the individual investigators and were 
edited and compiled by Vincent Schultz. They vary 
in length from approximately 15 pages for one to 
less than 2 pages for several. Many present sufficient 
detail concerning methods and results to be useful 
to other scientists working on related topics. Other 
outlines are simple statements of the . problem, 
followed by a justification for this research. The 
booklet fulfils, without question, its objective of 
acquainting “interested scientists with the bio- 
medical programme of the Commission, its objectives 
and justification’’. For details of methods, however, 
most scientists would prefer other sources. 


G. M. WoopweELu 


A. M. Kuzin. The Application of Radioisotopes in 
Biology. International Atomic Energy Agency, 
1960. Review Series No. 7, 63 pp., $1.00. 

Tuts booklet is a review (more properly, an annotated 

bibliography), both in the original Russian and in an 

English translation, of recent developments in the 

uses of isotopes in biochemistry, physiology, cancer 
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research, photosynthesis, microbiology, radiobiology, 
text, 570 


zoology, and genetics. In 18 pages of 


references are cited, the 


them to papers published in 1959. It is clear that 


with such compression of information the review 


cannot possibly be critical. However, as a source of 


I 
references to recent work this book would be very 


valuable. About 30 per cent of the references are to 


Russian work: the Russian names are not trans- 


lite rated. 


overwhelming majority of 


BOOK REVIEW 


The English translation is for the most part well 


done, although a few renderings are unfelicitous 


e.g. “synthesis paths and lipid metabolism’, 


instead of *tpathways of synthesis and metabolism of 


lipids”’). There are a few minor errors of translitera- 


tion (‘‘amilase’’, “‘thyazine’’, etc.), 
which do not detract significantly from the usefulness 


of the book. 


J. F. Tomson 
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Tue Biology Department of Brookhaven 
National Laboratory announces the establish- 
ment of a radiation 
ecology. The principal objective of this pro- 
gramme at present is determination of potential 
effects of ionizing radiation on vegetations. As a 


research programme in 


part of this programme, a representative stand 
of the Long Island oak-pine forest is being 
chronically irradiated with gamma radiation 
from a 9500 curie Cesium!’ source. The princi- 
pal trees of this forest are the white oak, Quercus 
alba, the pitch pine, Pinus rigida, and the scarlet 
oak, Q. coccinea. Shrubs include the bear oak, 
Q. ilicifolia, the huckleberry, Gaylussacia baccata, 
and the blueberries, Vaccinium angustifolium and 
V. vacillans. Dosages range from approximately 
680 r/day at 10 m from the source to less than 
2 r/day at 100 m from the source. This source 
went into daily operation for 20 hr/day on 


22 November 1961. Present estimates are that 
within a year from this date most of the trees 
of all species will have been killed within 35 m 
of the source. The pines, which are thought to 
be by far the most sensitive of the plants in this 
vegetation, will have been killed to much greater 
distance. The residual community will be one 
composed of radiation resistant shrubs which are 


already a part of the forest vegetation. The 


huckleberry, Gaylussacia baccata, will probably 
be the dominant of these. ‘This facility and other 
facilities of the Laboratory are available to 
research collaborators who are interested in the 
general problem. A limited number of post- 
doctoral appointments are available. 

G. M. WoopweELL 
Biology Department 
Brookhaven National Laboratory 
Upton, New York 
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THE DEUTERON MICROBEAM AS A TOOL IN 
BOTANICAL RESEARCH* 
H. H. SMITH, H. J. CURTIS, R. G. WOODLEY and O. L. STEIN 


Biology Department, Brookhaven National Laboratory, Upton, New York, and 
Botany Department, Montana State University, Missoula, Montana 
(Received 10 January 1962 
Abstract— Maize kernels of a genetic stock heterozygous for Yg,/yg, were irradiated at 
different dosages and positions with 22-5 meV deuteron beams, 25 » and 250 u in width, from 
a 60-in. cyclotron. The most striking morphological effects in seedlings grown from irradiated 
embryos were chlorotic marks that appeared in the first four leaves. The location of the area 
irradiated, as evidence by the position of the radiation mark, was useful in determining radio- 


sensitivity of different regions of the embryo and in comparing relative growth in different 
regions of the early leaves. The 25 u, compared to the 250 » beam, required about twice the 


radiation dosage to produce the same amount of evident damage based on clarity of radiation 


marks on the leaves and incapacitation of the stem apex. 
Radiation of the seed embryo enhanced elongation of the primary root for from two to four 
days after hydration. This effect was most pronounced when the microbeam passed through 


the leaves only and was least evident when the embryonic root itself was irradiated. 
Cytogenetic effects of microbeam radiation were detected by the appearance of yellow-green 
sectors in the leaves, owing to loss or mutation of the dominant Yg, allele. Maximum numbers 


of mutant sectors in seedling leaves were observed when the microbeam was directed toward 
the basal regions of leaves 1, 2 and 3 in the embryo. The size and position of mutant sectors can 
be used to study problems of cell lineage and histogenesis. 


Résumé— Des graines de mais d’un stock génétique hétérozygote pour Yg,/yg, ont été 


irradiées a différentes doses et en différentes positions par un faisceau de deuterons de 22,5 meV 


et large de 25 uv et 250 u dans un cyclotron de 60 pouces. 
Les effets morphologiques les plus frappants dans les plantules provenant d’embryons 


irradiés consistaient en marques chlorotiques apparues sur les 4 premiéres feuilles. La 
localisation de la surface irradiée, mise en évidence par la position de la marque due aux 
radiations, fut utile afin de déterminer la radio-sensibilité de différentes régions de l’embryon 
et de comparer la croissance relative des différentes régions des premiéres feuilles. Le faisceau 
de 25 uw comparativement a celui de 250 yp exige une dose de radiations deux fois supérieure 


pour une méme quantité de dommage mis en évidence, les traces plus claires sur les feuilles 


et ’incapacité fonctionnelle de caulinaire. 

L’irradiation de ’embryon de la graine accroit l’élongation de la racine principale pendant 
deux a4 quatre jours aprés hydratation. Cet effet était plus prononcé lorsque le microfaisceau 
traversait seulement les feuilles et moins évident lorsque la racine embryonnaire elle-méme était 


irradiée. 

Des effets cytogénétiques d’un microfaisceau de rayons a été détecté par l’apparition de 
secteurs vert—jaunatre dans les feuilles en raison de la perte ou de la mutation de lalléle 
dominant Yg,. Des nombres maximums de secteurs mutants ont été observés dans les feuilles 
des plantules lorsque le microfaisceau était dirigé vers les régions basales des feuilles 1, 2, et 
3 de ’embryon. La taille et la position des secteurs mutants peut servir 4 l’étude de problémes 


de lignées cellulaires et d’histogenése. 


Zusammenfassung— Maisfriichte eines fiir Yg./yg, heterozygoten Stammes wurden bei 
verschiedenen Dosen und Orientierungen mit einem 25 » und 250 yu weiten, 22,5 meV Deuteron- 
strahl von einem 60 in Cyclotron bestrahlt. Die auffallendste morphologische Wirkung an 
Keimlingen die von bestrahlten Embryonen aufgezogen worden waren, waren chlorotische 
Markierungen die an den ersten vier Blattern vorkamen. Die Identifizierung des Bestrahlung- 


*Research carried out at Brookhaven National Laboratory under the auspices of the U.S. Atomic Energy 


Commission. 
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sortes an Hand der Lage des Bestrahlungsmales konnte in der Feststellung der Strahlung- 


semplindlichkeit verschiedener Embryoteile und im Vergleich des Wachstums verschiedener 
Regionen der jungen Blatter beniitzt werden. Der 25 pv Strahl im Vergleich mit dem 250 u 
Strahl benétigte ungefahr zweimal die Strahlendosis um die selbe Menge Strahlenschaden, 
wenn auf die Klarheit der Strahlenmale auf den Blattern und auf die Inaktivierung des 


Sprosspunktes begriindet, hervorzurufen. 


Bestrahlung des Embryo férderte die Streckung der Primarwurzel iiber zwei bis vier Tage 
nach Anwasserung. Diese Wirkung erschien am starksten wenn der Mikrostrahl aur durch die 
Blatter drang und war am geringsten wo die Embryowurzel direkt bestrahlt wurde. 

Zytogenetische Wirkung des Mikrostrahls wurde durch die Erscheinung von gelb-griinen 
Sektoren, durch Verlust oder Mutation des dominanten Yg: Allel, in den Blattern festgestellt. 
Die héchste Anzahl der mutanten Sektoren in den Keimlingblattern wurde dort gefunden wo 
der Mikrostrahl gegen die basale Region der Blatter 1, 2 und 3 des Embryos gerichtet worden 
war. Die Grésse und die Verteilung der mutanten Sektoren kann im Studium der Probleme 


INTRODUCTION 
INVESTIGATIONS on the effects of seed irradiation 
have been mostly confined in the past to treat- 
ments in which the whole seed was exposed. 
The experiments reported here were carried 
out to study the effect of irradiating only 
specific parts of the dormant embryo of dry 
seeds. This was accomplished by use of a 
deuteron beam of sufficiently narrow width to 
localize the irradiation; thus making it possible 
to investigate such problems as the effect on 
growth of irradiating root and shoot separately, 
differential radiosensitivity of cells in different 
stages of maturity, production of mutations in 
localized areas, and certain aspects of morpho- 


genesis. 


MATERIALS AND METHODS 

A genetic stock of maize seed heterozygous 
for alleles of the yg, (yellow-green) locus was 
used in all experiments.“*! The seeds were 
stored for approximately ten days before treat- 
ment at 20°C in a desiccator over saturated 
NaHSO,-H,0 to equilibrate at 52 per cent 
relative humidity. 

Irradiations were performed with beams from 
the 60-in. cyclotron of Brookhaven National 
Laboratory which produces deuterons with an 
energy of 22-5 meV. The apparatus has been 
described recently and is illustrated in Fig. 1. 
The accelerated particles pass through a 2-in. 
beam pipe, the exit port of which is | cm in 
diameter. The desired beam width is achieved 
by means of apertures made of 0-4 mm platinum 
foil, which is just thick enough to stop the 
deuterons. Slits 25 and 250 » wide were used. 


der Zellenfolge und der Histogenese beniitzt werden. 
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Fic. 1. Arrangement of apparatus for microbeam 
irradiation. 


By selecting uniform kernels of the genetic 
stock a reasonably reliable reference system 
could be devised. In most caryopses one can 
detect externally a slight indentation in the 
fruit coat at a point which is underlain by the 
tip of the coleoptile. Measuring downward 
1800 w from this indentation a reference line 
was established by inscribing a light razor line 
and brushing it with indian ink (Fig. 4). This 
is in the basal region of the apical meristem 
where most irradiations were made. Accurate 
alignment of the target was accomplished by 
setting cross hairs in a telescope attached to the 
apparatus in line with the reference line on the 
embryo side of the seed. Dissection of dry seeds 
revealed that the reference line on the outside 
of the seed was in the region of the embryo below 
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the stem apex at approximately the base of the 
first two leaves (Figs. 2 and 3). In this material 
the mature embryo had developed the first 
five leaves (Fig. 3) and initials of leaf six were 
evident in the region of the shoot apex. Defined 
meristematic regions of the tillers could not be 
discerned. 

Most treatments were made at a radiation 
exposure time of 7-8 seconds. Radiation dosages 
of from 6-7 to 420 krad were used in these 
experiments. Penetration of the deuteron beam 
is to a maximum depth of 2-3 mm, but the 
portion usable for radiobiologic analysis is 
confined to the first 1-5 mm of the track. 
The beam spread in tissue is such that for a 25 u 
aperture, with the target exposed at 1 mm or 
less from the aperture, the beam width at 1-5 mm 
penetration has spread to a diameter of 40 u 
with 90 per cent of the radiation confined within 
the region of aperture width (Fig. 5). 

All seeds were hydrated after radiation 
exposure at the same time on the day of irradia- 
tion on moist absorbent paper at 70°F in the 
dark. Length of root and coleoptile or leaf 1 
were measured for from 3 to 7 days, after which 
the seedlings were planted in soil in pots and 
grown in the greenhouse at temperatures of 
approximately 65°F during the day (18 hr) and 
60°F at night. 

Areas that had been irradiated in the dry 
seed appeared as chlorotic marks in the mature 
leaf. The position of these marks, which were 
observable only in the first four leaves, was 
measured and located with reference to the 
percentage distance from the tip to the base of 
the leaf. In certain experiments leaf sections 
were made in order to observe anatomical effects 
of the irradiation. 

Observations were made on the frequency 
and size of yellow-green (yg,) streaks that 
appeared in the leaves as a result of loss of the 
dominant Yg, allele. In some of the plants that 
were grown to maturity counts were made on 
the numbers of viable and inviable pollen grains 
on the basis of staining reaction with lacto- 
phenol blue. 


RESULTS 


Effect of microbeam radiation on leaves 
The most striking effects of microbeam 
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irradiation on the young plant are the chlorotic 
marks observed on the first few leaves. The 
higher the radiation dose, the more pronounced 
are the marks. The effects of a 250 u beam at 
210 krad on the first three leaves of a corn seed- 
ling are shown in Fig. 7. At this level of irradia- 
tion, growth and chlorophyll development are 
inhibited in the second and third leaf within, 
and distal to, the region irradiated. At lower 
dosages, as for example a 25 u beam at 25 to 
35 krad or a 250 u beam at 10 to 15 krad, the 
marks are only faintly visible and tend to 
disappear with age. A convenient beam width 
and dosage level for clear marking with little, 
if any, detrimental effect on growth is a 25 u 
beam at 90 to 125 krad. 

The chlorotic markings on the leaves were 
characteristically U- or V-shaped with the lowest 
point in the midrib region, as can be observed 
on the first two leaves of the plant shown in 
Fig. 7. The shape of the irradiation mark is, 
in all probability, largely the result of differ- 
ential growth in different regions of the leaf. 
This phenomenon is known to occur in the 
development of the corn leaf and, furthermore, 
the acuteness of the V angle is greater in the 
second leaf which undergoes a greater amount 
of cell division and expansion than the first 
(Figs. 8 and 9). However, the shape of the 
irradiation mark can be influenced by the angle 
at which the seed is set during irradiation. If the 
apex region of the embryo is tipped away from 
the radiation source during treatment, the 
V shape in leaf 1 becomes more pronounced 
(Fig. 6). This result would be expected owing 
to the cylindrical form of the embryonic leaves 
and the outward-facing position of the midrib of 
leaf 1. The embryo in corn normally develops 
in the seed at an angle“) so that this condition, 
in itself, may account in part (along with 
differential growth) for the characteristic V 
shape of the irradiation mark, at least in the 
first leaf. 

The relative positions of the radiation marks 
on the leaves can be used: (1) to assess the 
accuracy of aiming the microbeam at specific 
areas of the embryo, (2) to locate areas in the 
mature leaf relative to their position in the 
embryo, (3) to determine the radiosensitivity of 
of the stem apex, and (4) to compare relative 
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growth in different regions of different leaves. 
Table 1 shows the position of the apex of the 


radiation mark, expressed as percentage of 


distance from the distal end of the leaf, when a 
25 u beam was aimed at the reference line, 
325 u above, 400 u above, and 800 u above this 
line. 

When the microbeam was directed at the 
reference line on the outside of the seed, the 
radiation marks on mature leaves | and 2 were, 
on an average, 88 and 85 per cent of the distance 
from the tip, i.e. they were in the basal part. 
Leaf 3 was unmarked since it is placed higher 
in the embryo than the basal region of the 
earlier formed leaves. The magnitude of the 
standard deviation gives an indication of the 
accuracy of aim. Beams aimed at 800 uw above 
the line marked only the tips of the first two 
leaves. The results summarized in Table | are 
all from plants in which at least the first two 
leaves were marked. 

Data on plants in which three or four leaves 
were marked are summarized in Table 2. In 
Some cases the stem apex had been destroyed, 
in others not. The first column of data in the 
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Table 1. Relation of aim of 25 u beam to location of radiation mark on mature leaves (at least two leaves marked) 


table shows observations on 16 plants, in which 
the first three leaves were marked, resulting 
from irradiation with a 25 u» beam aimed at 
400 uw above the line. The second column in 
Table 2 summarizes the results on seven plants 
in which four leaves were marked and the apex 
was undamaged. The seeds of these plants 
must have been irradiated in the specific region, 
as shown by the 25 u line drawn 400 u above 
the reference line in Fig. 3, between the tip of 
the stem apex and the tip of leaf 4. The range in 
radiation dosage was from 71-1 to 210 krad. 
The standard deviation for the position of the 
leaf markings was generally lower than when 
only two or three leaves were marked, indicating 


that these irradiations were confined within a 


smaller target area. 

In the third column of data in Table 2 results 
are summarized from five plants in which the 
stem apex was destroyed and three leaves were 
marked with a 25 u beam. The marks on leaves 
1 and 2 show that the beam hit in an area 
slightly below that of the treatments which did 
not damage the apex. The meristematic region 
is destroyed by exposure to 210 krad irradiation 


Aim of beam with 
reference to line — - 
on seed Leaf | 


800 u above 


5 16:8 8 
HOO u above 17 57-2 18- 
325 u above 7 83-2 8 
at the line + 88-6 12: 


Per cent of leaf from tip to radiation mark 


“+ 7°3 8-0 0-0 

7 92-3 23-3 22-0 19-2 

81-6 8-7 60-6 19-3 
3 85-8 14-4 0-0 


to the 


Table 2. Position of marks on mature leaves resulting from deuteron beam irradiation of different widths, dosage and damage 
Stem apex 


Apex undamaged 


No. plants | 
Beam width (u 25 
krad 35°5 
No. leaves marked 3 
Location of mark from tip in % xX G 
Leaf | 63-2 15-5 
Leaf 2 56:8 21-9 
Leaf 3 26-0 16-9 
Leaf 4 


No. leaves developed 


Apex damaged 


7 5 7 
25 25 250 
71-1-210 210-420 88-9-420 
+ 3 3 
5 xX xX G 


80-7 6-7 88-3 3:2 79-4 12-8 

80-1 4-0 89-8 6-6 72-0 18-2 

48-4 75 42-5 17:3 22:3 8-6 
49 1-6 
1-2 
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Fic. 2. Longitudinal section of maize embryo, 25, showing distances above and below 


reference line where microbeam was aimed. 
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Fic. 3. Longitudinal section of stem apex region of maize embryo, 125, showing 
stages of development of first six leaves. The black line 400 » above the reference line is 
drawn to scale, 25 » in width, to represent a microbeam. 
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Fic. +. Maize kernel embryo side, showing inscribed reference line. 
Fic. 5. Photomicrograph of nuclear track plate exposed to 25 y slit aperture. The tracks 
on each side of the central beam are due to scattering in the aperture. 
Fic. 6. V-shaped irradiation marks on first seedling leaves: A—seed irradiated in 
perpendicular position, B—apex of embryo tilted away from radiation source during 


exposure. 
Fic. 7. Maize seedlings grown from irradiated kernel showing microbeam marks on 
first three leaves. 
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Fic. 8. Maize seedling showing marks on leaves from four irradiations of the embryo with 
a 25 » deuteron beam. 
Fic. 9. Leaves 1, 2 and 3 of one plant from a seed irradiated with a 25 » microbeam at 
four 200 » intervals. 
Fic. 10. Leaf 7 of maize plant showing yellow-green (yg,) sector. 
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Fic. 11. Successive leaves on branch (tiller) from axil of leaf 9 showing, on the left, 


mutant yg, area in centre of leaves and, on the right, yg, areas at margins of leaves. 
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in a 25 u beam but is undamaged by comparable developed only three or four small leaves which 
irradiation which passes, only a few microns soon died. Two of the plants developed a viable 
above (see Fig. 3), through leaves 1, 2, 3 and 4. tiller in the axil of the second leaf. It appears 
No plants were found in which a 25 » beam that a beam of this width and radiation dose, 
irradiation of less than 210 krad caused destruc- when applied to the basal region of the em- 
tion of the stem apex. When the apex is destroyed _ bryonic stem, is capable of destroying conductive 
only six leaves, on an average, develop; whereas _ tissue, thus cutting off a major part of the supply 
normally these plants have approximately of water and nutrient needed for shoot develop- 
fifteen leaves. Since at time of irradiation six ment. 
leaves are present in the embryo, it appears that In order to explore further the use of the 
no further organs can be formed after this microbeam as a tool for studying relative 
treatment. However, the actual range of leaf growth of leaves from embryo to maturity, ten 
numbers counted was from four to nine in- — seeds were irradiated four times each with a 25 u 
dicating that occasionally young primordia can beam (88-9 krad) at positions 200, 400, 600 and 
be prevented from developing and, alternately, 800 4 above the reference line. Growth patterns 
in some cases the “‘meristematic capital’ of the — of the leaf could be studied in terms of ultimate 
apex may continue to differentiate into organs expansion in the mature leaf of regions marked 
until it is “‘used up’. New meristem material at 200 uv intervals in the embryo. The appearance 
apparently cannot be laid down under these’ of the marked mature leaves is illustrated in 
conditions. Figs. 8 and 9. In addition to the markings 
In the fourth column of Table 2 are the clearly observable on leaves 1, 2 and 3, it was 
results from irradiation with a 250 4 beam in found that the coleoptile also was marked with 
treatments which destroyed the stem apex. The _ sufficient clarity to be measured. This method 
minimum dosage level at which the apex was provides an interesting new tool for ‘drawing 
incapacitated was 88°9 krad, less than half that a grid’’ on plant organs within the seed embryo 
required for a 25 u beam to cause the same_ in order to make developmental studies. 
effect. The position of each mark was located with 
In another experiment five seeds were each reference to its percentage distance from the 
irradiated with 88-9 krad using a beam 250 » tip of the leaf. The distance was measured 
in width aimed at the reference line. The plants between marks in the mature coleoptile and the 


Table 3. Measurement of distances between marks in mature maize leaves irradiated with deuteron beams (25 u. 88-9 krad 
at 200 wu intervals in the seed embryo 


Coleoptile Leaf | Leaf 2 Leaf 3 


n=19 n=1/7 n=20 n= 12 
Distance Distance Distance Distance 
°, of leaf from tip to between between between between 
lower mark marks Growth marks Growth marks Growth marks Growth 
in each set (mm increment (mm) increment (mm increment (mm increment 
10 14-5 72 
20 14-3 72 20-8 104 
30 3°3 16 6-0 30 20-0 100 
40 3-0 15 8-0 40 21-7 108 58-0 290 
50 2-4 12 7-0 35 30-0 150 
60 3°5 18 10-7 54 32-7 164 93-7 468 
70 3°3 16 9-8 49 31-5 158 


206 
100 12-5 62 38-0 195 77-0 385 


140 244 
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« 3°0 15 8:3 42 28.0 
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first three leaves and these measurements were 
grouped according to the location of the lower 
mark, in each set of two, in 10 per cent intervals 
from tip to base. The results are summarized in 
Table 3. For the coleoptile there were nineteen 
cases where the distance between two marks could 
be measured. Of those in which the lower mark 
was 30 per cent of the distance from tip to base, 
the average distance between marks was 3-3 mm 
3300 uw). In the dry seed this distance was 200 u 
so that there was a 16-fold increase. The growth 
increment in the part of the coleoptile in which 
the lower of two marks was 70 per cent of the 
distance from the tip was also 16-fold. The 
weighted average increment throughout the 
coleoptile was 15-fold. It was concluded that the 
expansion of the coleoptile from dry seed embryo 
to mature plant was approximately the same 
throughout, namely about 15-fold. 

For leaf | the over-all interval between marks 
was 8-3 mm, a 42-fold increase over 200 u. It 
was less in the upper part of the leaf than in the 
lower. For leaf 2 the over-all distance between 
marks was expanded to 28 mm, a 140-fold 
increase. The increment was least toward the tip 

72-fold), most toward the base (195- to 206- 
fold) and intermediate in the midsections (100- 
to 164-fold). For leaf 3 the over-all growth 
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Table +. Effect of microbeam irradiation on length of primary root measured 3 days after hydration 


interval was expanded from 200 » to 48-8 mm, 
a 244-fold increase. As in leaves | and 2, the 
upper 20 per cent of leaf 3 grew least (72- to 
104-fold); the lower half of the leaf expanded 
most (385- to 468-fold); and the upper mid- 
section was intermediate in growth (290-fold). 


Effect of microbeam radiation on root and shoot 

Following irradiation kernels were 
hydrated in the dark at 70°F for three days 
before planting. In the first experiment it was 
noted that the primary root was obviously 
longer in the irradiated lots than in the un- 
irradiated controls. The length of the roots was 
measured with results, for an average of 5-6 
kernels per treatment, as shown in Table 4. 
It is evident that there is a significant difference 
in root length between the treated and control 
lots, and also between treatments. Furthermore, 
the analysis indicated significant interactions 
between the width of the beam and its location, 
as well as an interaction between width, loca- 
tion and radiation dosage. 

One possible reason for the above results is 
that the leaves and stem portion of the embryo 
were so damaged by the irradiation that their 
growth was retarded and more endosperm 
reserves were available for growth of the primary 


Width of 


325 u 


beam (u 210 krad ft 
25 21-0 
250 19-0 


Source DF 
‘Treated vs. Controls l 
[freatments 9 
Widths (W 
Radiation dosages (R 
Locations (L 

WxR 
WxL 
RxL 
WxRxL 


20 krad 210 krad 420 krad 
Root length (mm 

24-0 13-6 16-3 

19-5 25-5 24-0 


Analysis of variance 


MS Ratio F (0-05 
1457-98 52-21 4-07 
241-05 8-47 2-11 
185-59 6-52 4-07 
7-91 0-28 4:07 
10-50 0-37 4-07 
15-46 0-54 4-07 
468-21 16-45 4-07 
10-63 0-37 4-07 
1471-20 51-68 4-07 


Aim of beam above line 
425 u 


Unirradiated controls 7-1 mm 


VOL. 
‘ | 
1961 
] 


root. In order to investigate this point early 
growth of the upper part of the embryo was 
measured in terms of plant height seven days 
after hydration. The results are shown in Table 5 
for the same seedlings from which the data on 
root length were obtained for Table 4. 
It is evident from Table 5 that at 
irradiation levels a 25 uw beam 425 u above the 
reference line had no effect on plant height seven 
days after exposure. The approximate two-fold 
increase in length of the primary root in this 
treatment may in fact, then, result from a 
stimulatory effect of the irradiation. The 250 u 
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beam at the radiation dosages employed is 
somewhat inhibitory to growth of leaves and 
stem apex. With the 25 u beam there appeared 
to be an effect of location in that leaf 1 was 
shorter following irradiation at the lower 
position of the beam. 

In view of the above results an experiment 
was designed to transect the embryo from leaf 
tip to root tip with a 25 uw beam of 88-9 krad to 
see if the stimulatory effect on root growth could 
be localized. The beam was aimed at 850 u and 
425 uw above the reference line; at the line; and 
850 u, 1700 u and 2500 u below the line (Fig. 


measured 7 days after hydration 


Width 


of beam 


325 u 


25 27-6 
250 24-8 


Unirradiated controls 30-5 mm 


Aim of beam above reference line 


210krad (mm) 420 krad (mm 


425 u 
219 krad (mm) 420 krad (mm 
3 30-5 30-0 
5 27-4 93-5 


Table 6. Effect of locations of microbeam (25 u 


irradiation (88-9 krad) on length of primary root and plant height 


Location of aim of beam 


(a) 850 uv above line 

(b) 425 u above line 

(c) at the line 

(d) 850 u below line 

(e) 1700 u below line 

f) 2500 u below line 
Unirradiated control 


ho 


Irradiated vs. Controls 


Statistic Root length 

n 48 

m 7-01 
33-81 
Ga 2-90 
Gd 1-70 
d 6-96 
4-09 


>0-0001 


Statistical Analysis 


Mean root length Mean plant height 


(mm (mm 
12-80 63-40 
14-30 44-20 
10-00 62-17 
9-13 65-00 
+-88 48-00 
7-20 55-20 
2:95 47-60 


High (a+b 


vs. low (e+f 


location 
Plant height Root length 


48 
52-85 9-91 
288-88 26-68 
24-76 5-63 
4-98 2:37 
9-01] 7:33 
1-81 3-09 


|| 
\T = 
Ulie 
61 — 
28 CF 
28 
= 
: 
p 0-07 0-002 


2). This series encompasses the length of the 
embryo from below the tips of the first two leaves 
to the meristematic region of the root. The data 
on length of the primary root three days after 
irradiation and plant height seven days after 
irradiation are summarized in Table 6. A general 
observation of the results in the table shows 
that the roots were longer on an 
average among the irradiated than in the control 
lots. Furthermore, roots developing from em- 
bryos irradiated 425 and 850 wu (a and b) above 
the reference line averaged longer than roots 
and 


primary 


from those irradiated 1700 and 2500 u (e 
f) below the line. The data were analysed first 
to determine if the difference in root length 
between irradiated vs. control lots was statisti- 
cally significant. It was found that the proba- 
bility of obtaining by chance a difference this 
large (6:96 mm) or larger between the irradiated 
and 0-0001. The 
difference is highly significant. From a similar 
analysis of the data on plant height it was not 
considered that the difference between irradi- 
ated and control lots was statistically significant 
since the probability of a difference this great or 
greater occurring by chance is 7 in 100. These 


control roots is less than 


data support the results on root length and plant 
height presented in Tables 4 and 5. 

The average length of roots growing from 
seed irradiated at the two highest locations 
is 13-50 mm compared to 6:17 mm 
from the two lowest locations (e and f). The 
difference is statistically significant since the 
probability of a difference this large (7-33 mm 
or larger occurring by chance is only | in 500, 


a and b 


A further experiment on the effect of micro- 
beam irradiation on early plant development 
was carried out through observations on the 
daily growth of root, coleoptile, and first and 
second leaf. Three different treatments were used: 

|) each seed was irradiated three times, namely 
at 850 uw above the reference line, at 425 uv 
above, and at the line; (2) each seed was 
irradiated once at 425 pu above the line; (3) 
each seed was irradiated once at 425 u below 
the line. The results are shown in Table 7. 

In support of previous experiments the results 
on root growth show that those developing from 
irradiated seed are longer than the controls 
for the second, third and fourth days after 


PHE DEUTERON MICROBEAM AS A TOOL IN BOTANICAL RESEARCH 


hydration. However, by the fifth day the 
controls catch up and become longer than the 
primary root from irradiated seeds. There was 
no reduction in growth of the coleoptile among 
the irradiated lots, in fact, on the fourth day 
coleoptiles of the triple irradiated seeds averaged 
longer than the controls. After the fourth day 
there were no evident differences in coleoptile 
length among treatments. With regard to the 
development of the first two leaves, those of the 
controls were slightly longer throughout the 
period measured (8th to 16th day). 

Three general conclusions drawn from these 
experiments are: (1 
the shoot and leaf of the dry seed embryo will 
bring about a stimulation of growth as evidenced 
by greater elongation of the primary root during 
the second, third and fourth days after hydra- 
tion. (2) This enhancement of root elongation 
is not accompanied by retardation of coleoptile 
growth at appropriate levels of irradiation. 
3) There is no clear evidence that root growth 
is stimulated by irradiation of the embryonic 
root itself, 


Cytogenetic effects of microbeam irradiation 


Quantitative observations of the effect of 


microbeam irradiation on the genetic apparatus 
could be made in this material by scoring the 
frequency of yellow-green (yg,) sectors. Since 
all individuals were heterozygous for the yg» 
locus, mutation of Yg, to yg, or loss of that 
part of the chomosome containing the Yg, locus 
resulted in yellow-green streaks.(* 

In Table 8 are shown the results of two experi- 
ments, one designed to test the effect of location 
of the beam on frequency of yg, sectors, the 
other to test the effect of radiation dosage. A 
25 u beam width was used in both experiments. 
Sectors were scored in leaves 3 to 9. In the first 
experiment the beam was aimed 800 » above 
the reference line, 400 » above, at the line, 
400 u below and 800 u below. The actual 
location of the beam irradiation was determined 
by the irradiation mark on leaves 1, 2 and 3 
where possible. The yg, mutant sectors are 
presumed to have been produced by the 10 
per cent of irradiation not confined within the 
effectively lethal aperture width of the micro- 
beam. It is considered, therefore, that an 
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administered dosage level of 88-9 krad may be, 
in so far as mutations are concerned, essentially 
an 8-89 krad effective level. 

The results in Table 8 show that a maximum 
number of mutations is scorable in leat 3 and 
this decreases progressively through leaves + and 


6, that were already formed at the time of 


irradiation, to leaves 7 to 9 which were present 
as “‘meristematic With regard 
to effect of location of the beam, mutations 
were produced more frequently when the 
irradiation was directed at the line, i.e. hitting 
near the base of leaves 1, 2 and 3. Other results 
(Table 3) had indicated that leaf 3 is more 
actively expanding toward the lower than 
towards the distal half so that more evident 
mutant streaks would be expected. The number 
of mutations observed was less when the beam 
was directed at 400 » above the line but this 
was, nevertheless, a relatively effective treat- 
ment for purposes of scoring genetic change. 
The number of yg, sectors diminished with 
beams directed 800 uw above the line, which 
missed the top of leaf 3; and 400 » and 800 u 
below the line which were below the leaf bases. 


It is of interest that, in spite of the distance of 


these last two irradiations from the stem apex 
region, mutations were produced in leaf 5 by 
stray radiation. 

There was an increase in frequency of muta- 
tions with increasing dose of irradiation from 
35-5 to 168 krad when the beam was directed 
at 400 uw above the reference line. Departure 
from linearity between dose and mutation 
frequency is slight considering the variation in 
actual area of irradiation with the microbeam. 
A radiation level of 168 krad with a 25 u beam 
approaches the maximum that can be used 
safely in the meristematic region without in- 
activating the stem apex (Table 2). In com- 
parison, for whole dry seed X-irradiation, the 
lethal dose is about 25 krad.@” 

In another experiment, scored for yg, 
mutation frequency in leaf 3 following irradia- 
tion with a 25 u beam at 88-9 krad, the following 
results were obtained: 

Location of beam with Av. no. yg 
reference to line sectors 
3 treatments: 850 u above, 425 u 
above, and at line 6:70 


| treatment: 425 u above 3-00 
| treatment: 425 u below 0-53 
Unirradiated control 0-00 


The irradiation three successive times, each at a 
dosage level that does not damage the apex but 
is genetically accumulative, suggests a method 
for increasing mutation frequency for experi- 
mental purposes by repetitive radiations with- 
out inactivating the apical meristem. This, 
however, may not increase the number of 
mutations in the tassel. 

In leaves 7 to 9, the meristematic cells of 
which are present but not obviously differenti- 
ated in the dry seed, yg, sectors usually extend 
most of the length of the leaf (Fig. 10). Each 
sector probably arises from a single mutant 
cell in the meristematic dome. Since the 
development of the maize leaf is largely in the 
long axis, the width of a sector (representing a 
single meristematic cell) relative to the width 
of the leaf may indicate the number of cells in 
the seed meristem that gives rise to a leaf. Five 
non-marginal sectors were measured in leaves 
7 to 9, as shown in Table 9. The average sector 
width was 3 mm.“%1!4) The average proportion 
of sector width to leaf width was 7:3 per cent, 
or one fourteenth of the leaf width. If direct 
analogy to the condition in the meristem can be 
made, the indication is that leaves 7 to 9 arise 
from a meristem of about 14 cells each. Srern and 
STEFFENSEN) estimated by similar methods 
that “there are about 5-6 cells across the upper- 
most tier of the apex’’. 

Leaves with the largest proportion of mutant 
areas were observed in the tillers. The strain of 
maize used in these experiments normally 
forms tillers in the axils of leaves 2 and 3; then 
either of leaves 6, 7, 8 and 9; or leaves 7, 8, 9 and 
10. Mutant sectors can usually be followed up 
one side of the stem appearing in either odd or 
even numbered tillers. One tiller of particular 
interest (Fig. 11) grew from the axil of leaf 
9 of a plant that had been exposed as a dry seed 
to 168 krad in a 250 uw beam applied at 525 u 
above the line. On each side of the tiller stem 
approximately half of the leaf was mutant yg, 
and half was normal green. However, on one 
side the leaf centre was yg,, while on the other 
side the margins of the leaves were yg,. This 
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would be expected from what is known about 
the ontogeny of the corn leaf and if we assume 
that the tiller apex consisted of approximately 
one half yellow-green cells and the other half 
normal cells. The latter in turn infers that not less 
than two cells participated in the formation of 
the tiller. Since in this instance the sectors of 
the two orthostichies were about equal in total 
width, it is that cells were 
involved. The probability of obtaining this type 
of chimera is relatively low. The mutant sector 
was probably carried in parts of the meristem 


suggestive two 


since in the plant leaf 3 had 6 yg, streaks, leaf 5 
had 2, leaf 7 had 2 and leaf 9 had 1. In addition, 
the tiller which formed in the axil of leaf 3 had 
vg, sectors on all leaves, but they did not occupy 
half the area as in leaves of tiller 9. This muta- 
tion must have maintained itself through a 
number of cell divisions, then fell into position 
so that it was in the proper plane and tissue 
layer for initiation of half of the branch in the 
axil of leaf 9. 

The production of large mutant areas in 
tillers and, also, the induction of mutations in 
the aerial portion of the plant without damage 
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Table 9. Width of mutant sectors 


to the root are both results which indicate 
potentialities for utilization of the microbeam as 
a refined tool for producing mutations in plants. 

In one experiment the relation between the 
genetic effect of irradiation as 
scored by frequency of yg, sectors (Table 8, 
lower half) was compared with pollen sterility 
in the same plants (Table 10). Samples of 
pollen were taken from each of four quadrants 
in the inflorescence since wide differences in 
pollen sterility were noted among branches in 
different parts of the tassel. One plant in each 
of the higher radiation level treatments failed to 
form an inflorescence. The data show that 
within this range of radiation dosages there was 
a close correlation between genetic damage as 
evidenced by frequency of yg, sectors in the 
early leaves and the frequency of sterile pollen 


microbeam 


in the mature inflorescence. 


Histological effect of microbeam irradiation 

The greater emphasis thus far has been on the 
morphological use of this system. This is because 
of the relative ease with which the external 
radiation effects can be analysed. We have some 


Leaf width 


mm 


Sector to 
Sector width leaf width 


mm) 


Table 10. Relation between pollen sterility and radiation dosage with 25 u beam aimed 400 » 
above reference line 


Inflorescence sampled 


krad No. plants 
0 19 
35-5 
71-1 5 
106-3 4 
4 


no. quadrants 


Percentage of quadrants 
with pollen above 
15° sterile 


76 0 
20 10 
20 40 
16 43-75 
16 2-5 
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Leaf No. 
- > 9 
30 6-/ 
8 38 3 7-4 ; 
9 42 4 9-5 
9 53 3 5-7 
xX 3-0 7°3 
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evidence that microbeam irradiation can also be 
utilized at the histological level. One embryo 
was examined which had been subjected to 
88-9 krad with a 25 wu slit at 425 u above the 
reference line and then germinated for 84 hr. 
Cytological aberrations, such as bridges, frag- 
ments and microcytes, were found in the young 
leaves with high frequency in a band 800 u wide 
starting 100 » above the apical meristem. A 
study utilizing various beam locations and 
periodic sampling should disclose a consider- 
able amount of histogenic information. Our 
data on sectoring indicate clearly that these 
aberrations are carried into all mature plant 
structures and this technique could prove useful 
in providing marked cells. 

The damaged portions of the leaves, repre- 
senting the primary effect of the beam, have 
been studied only cursorily. When hand sections 
were made of fresh leaf material, the affected 
regions appear to be of a lighter green and give 
a generally more limpid impression. These 
effects are not apparent in fixed and _ paraflin- 
embedded material. On the contrary, it is 
rather difficult to identify the damaged area. 
In favourable material, however, this region is 
characterized by somewhat fewer, and possibly 
smaller, chloroplasts. Occasionally the damaged 
sector appears to be thinner in cross-section 
than unirradiated parts of the leaf. In general, 
however, the impression given is that the dosages 
used in these experiments do not impose a 
severe damage to the tissue system. This adds 
to the value of the technique since it would 
permit the marking of living tissues without 
excessive trauma. 


DISCUSSION 

One purpose in initiating these studies was 
to compare the destructiveness to maize tissues 
of a wide (250 u) deuteron beam with a micro- 
beam 25 u in width. The latter was used 
originally“) to simulate a core of intense 
ionization such as is expected to occur in tissue 
at the end of paths of secondary radiation from 
heavy cosmic ray primary particles.“*) Using 
mouse brain as experimental material, it was 
shown@® that average threshold doses required 
to produce demonstrable lesions increase in- 
versely with the size of the deuteron beam. With 
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a 25 » beam radiation levels higher by a factor 
up to 30 are required to produce damage com- 
parable to that from a wide beam. In maize 
embryos about twice the radiation dosage was 
required for a 25 u beam, compared with a 
250 u beam, to produce the same amount of 
evident damage, based on the appearance of 
radiation marks on the leaves and incapacitation 
of the stem apex. The difference is slight in 
comparison to the results with mouse brain 
tissue. In fact, there may be no real difference in 
effect between the two beam widths when, for 
example, the relative inconspicuousness of the 
25 u beam leaf markings is considered. 

One of the more striking results of our experi- 
ments with microbeam irradiation is the pro- 
nounced early stimulation of growth of the 
primary root. There have been persistent 
reports through the years that low levels of 
irradiation may stimulate growth!) and, 
although many of these claims have been based 
on results of questionable significance, there 
remains some critical evidence for the reality 
of the phenomenon. Recent reports of stimu- 
latory effects of radiation on plant materials 
include: an increase in rate of mitosis of yeast 
cells,“ increased DNA synthesis in onion root 
tip cells,@) and enhanced phosphorylation in 
maize root tips.“) Srerm and STEFFENSEN *) 
observed a small increase in length of both the 
primary root and coleoptile of maize seedlings 
two days after irradiation of the seeds with 500 r 
of X-radiation. 

We have no ready explanation for the stimu- 
latory effects of microbeam radiation. There 
may be a sufficient effect on the stem apex (not 
statistically detectable) to influence auxin 
production or to deter nutrient utilization with 
consequent manifestation in the root of greater 
elongation. It is also conceivable that radiation 
induces the production of chemicals which act 
as growth stimulants when transported to un- 
irradiated regions such as the root. Microbeam 
irradiation provides a tool for testing the effect 
of radiation on cells actually exposed in- 
dependently of those affected only by associa- 
tion through conductive tissues to irradiated 
areas. The method has not as yet been adapted 
to partial-cell irradiation?” but could con- 
ceivably be so modified. 
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Microbeam irradiation, combined with 
genetic markers of cell lineage (such as yg,), 
may have greatest usefulness as an accessory tool 
added to classical methods,@:?) or as a refine- 
ment over whole seed irradiation,“ for more 


extensive studies in plant morphogenesis. 
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SYNTHESIS IN X-IRRADIATED ETIOLATED 
BEAN LEAF TISSUE*+ 
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CHLOROPHYLL 


Abstract—X-irradiated etiolated bean leaf tissue exhibits a marked reduction of chlorophyll 
synthesis when exposed to continuous white light of high intensity. However, chlorophyll 
synthesis is appreciably increased in this X-irradiated tissue if subjected to a few minutes of 
visible radiant energy either before or after X-irradiation, then placed in the dark for several 
hours, and subsequently exposed to high intensity white light. This light pretreatment, further- 
more, appears to be much more effective in the red than in the blue region of the spectrum. 
The response to light pretreatment of X-irradiated leaves is markedly similar to that found in 
control samples of non-X-rayed tissue. Rather than an interaction of ionizing radiation and 
nonionizing radiant energy, light pretreatment appears to induce an independent photo- 
morphogenic response related to the chlorophyll-synthesizing mechanism which is super- 
imposed upon the damage resulting from X-ray dosages. 


Résumé— Un tissu de feuilles étiolées de féve irradié par les rayons X montre une réduction 


marquée de synthése chlorophyllienne aprés exposition 4 une lumiére blanche continue de 
forte intensité. Cependant, la synthése chlorophyllienne est accrue de maniére appréciable 
lorsque ce tissu irradié est soumis pendant quelques minutes a l’énergie radiante visible, 


soit avant, soit aprés irradiation et placé ensuite a lobscurité pendant plusieurs heures puis 
ultérieurement exposé & une lumiére blanche de forte intensité. Ce prétraitement lumineux 


apparait, en outre, étre beaucoup plus efficace dans la région rouge que dans la région bleur du 
spectre. La réponse au prétraitement lumineux des feuilles irradiées est remarquablement 
similaire a celle obtenue dans des échantillons controles de tissu non irradié. Plutot qu’une 
interaction entre les radiations ionisantes et l’énergie radiante non ionisante, le prétraitement 


lumineux parait induire une réponse photo-morphogéne indépendante en relation avec le 
mécanisme de synthése de la chlorophylle qui se superpose au dommage causé par les doses 


de rayons X. 


Zusammenfassung Roéntgenbestrahltes, etioliertes Bohnenblattergewebe das mit an- 
dauerndem hochintensen weissen Licht bestrahlt wird, zeigt eine bedeutende Verminderung 
der Chlorophyllsynthese. Falls aber dieses bestrahlte Gewebe entweder vor oder nach der 
Roéntgenbestrahlung fiir einige Minuten sichtbare Strahlenenergie erhalt, wird dann ftir 
einige Stunden in die Dunkelheit gegeben, und danach dem hochintensen weissen Licht 
dargeboten, dann wird die Chlorophyllsynthese bedeutendlich erhéht. Ausserdem scheint 
diese Lichtvorbehandlung viel wirkungsvoller im roten als im blauen Bereich des Spektrums 
zu sein. Die Reaktion der bestrahlten Blatter zur Lichtvorbehandlung gleicht sehr der der 
nichtbestrahlten Kontrollen. Anstatt einer Wechselwirkung der ionisierenden Bestrahlung und 
nichtionisierenden Strahlenenergie scheint Lichtvorbehandlung eine unabhangige photo- 
morphogenetische Reaktion hervorzurufen, die mit dem Chlorophyllsyntheseprozess zusammen- 
hangt und die dem durch Réntgenbestrahlung hervorgerufenen Schaden iiberlagert ist. 


*Published with the approval of the Secretary of the Smithsonian Institution. 
+This work was carried out with the support of the U.S. Atomic Energy Commission under Contract 


AT (30-1)-2373. 
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INTRODUCTION 


Wuen dark-grown leaf tissue is placed in con- 
tinuous light of relatively high intensity (1000 
LW cm?), three stages in pigment synthesis 
become apparent. First, there is the immediate 
conversion ol protochlorophyllide” to chloro- 
phyllide. This is followed by the second stage, 
referred to as the lag or latent phase, in which 
the rate of chlorophyll synthesis rises slowly, and 
finally the third stage, in which there is a sus- 
tained high rate of pigment synthesis. 

and have shown that in 
7-day-old ‘Thatcher wheat seedlings, sustained 
chlorophyll synthesis begins about the third 
hour of illumination. Data for bean leaf tissue 


with one cotyledon attached is in agreement with 


this observation, although generally, the rate of 


pigment synthesis is somewhat higher even 
during the early hours. 

Wrrnrow ef al.) and Vircin™ have reported 
that the early period or lag phase in the syn- 
thesis of chlorophyll in etiolated leaves is 
affected by a pretreatment with visible radiant 
energy, such pretreatment, followed by a dark 
period, resulting in an almost complete elimina- 
tion of the lag or latent phase in subsequent 
pigment synthesis under high light intensity 
Fig. 3, curves O and O-+L). In addition, red 
light has been found to be many times more 
effective than blue.© ® 

Recently, Gaitey and ‘To.serr™) have 
shown that when etiolated wheat leaf tissue is 
subjected to gamma rays from a_ cobalt-60 
source, the lag phase in chlorophyll synthesis is 
extended. A dose of 150 kiloroentgens (kr 
increases the latent period to as much as 10 hr 
in continuous light. If, however, the gamma- 
irradiated etiolated leaves are subjected to | hr 
of high intensity white light immediately follow- 
ing the ionizing radiation and placed in the 
dark for several hours, then upon returning the 
tissue to continuous white light, there is a rise 
in chlorophyll-synthesizing ability accompanied 
by a shortening of the lag phase, suggesting that 
nonionizing radiation induces a recovery or 
reversal of the effects of ionizing energy. In 


view of these latter observations and those of 
Withrow et al. and Virgin, the interaction of 


light and ionizing energy as they affect chloro- 
phyll synthesis was investigated. A medical 


type X-ray unit was used for ionizing ir- 
radiation treatment and observations were prim- 
arily confined to the effects of light and X- 


rays. 
MATERIALS AND METHODS 
Bean seeds (Phaseolus vulgaris Linn., “*Great 


Northern” or “Burpee’s stringless green pod” 
were planted in gravel beds and _ subirrigated 
with tap water. The tops of the dark-grown 
seedlings were excised just below the cotyledons 
six days after planting. The seedling tops with 
the attached pairs of primary leaves and one 
cotyledon removed from each were placed in a 
petri dish containing filter paper moistened with 
water. Although excised leaves on a substrate 


of carbohydrates can be used, the presence of 


the cotyledon results in more sharply defined 
responses when assaying for chlorophyll 
content.) Generally, twenty plants were used 
per sample dish. All experimental procedures 
were carried out at 25°C, 

A Westinghouse medical type X-ray machine 
operating at 140 kilovolts and 8 mA was used 
for X-ray treatments. Samples were placed on a 
turntable 14 in. below the X-ray tube housing. 
A 60 min exposure gave a total dosage of 12 kr; 
a stationary exposure of 8 min resulted in an 
equivalent dose. Inasmuch as a comparison 
between filtered (1 mm aluminum) and un- 
filtered X-rays resulted in the same response, 
unfiltered X-irradiation was used in all experi- 
ments. Two sheets of black paper covered the 
tube housing aperture in order to shield the 
plants from any filament glow. In general, X- 
irradiation or light pretreatment was followed 
by an 18 hr development period in darkness, 
after which the samples were placed in high 
intensity white light (1000 uW/cm?) for various 
intervals. All preparation of tissue and mani- 
pulation were carried out under a green safe- 
light. 

Pretreatment with light was accomplished 
with a fluorescent luminaire of 15 lamps (15 W 


“warm white” with irradiance’ of 


1000 wW cm? 17 in. below the lamps. Exposures 
of 1-10 min were used as pretreatments. The 
same luminaire was employed for the chloro- 
phyll synthesis assay period, in which the 
exposure time was extended to as much as 24 hr. 
By periodically removing samples from under 
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the luminaire and extracting the chlorophyll, 
time course studies were obtained. 

Pigment concentration of aqueous-acetone 
leaf tissue was measured on a 


Beckman Model D.U. 


Chlorophyll content on a fresh weight or per 


extracts of 
spectrophotometer. 


plant basis was determined, using the methods 
described by 


RESULTS AND DISCUSSION 

If dark-grown leaves are exposed to | min 
of high intensity light, the chlorophyll produced 
is an approximation of the proto hlorophyllide 
content of the tissue. The net difference in the 
amount of chlorophyll formed between such a 
sample and another subjected to the same light 
reflects 


treatment 18 hr later, 


protochlorophyllide synthesized during the 


(4g/plant) 


© 
ad 


MINUTE OF 


ONE 


IN 


FORMED 


CHLOROPHYLL 


the amount of 


18-hr dark The 


for leaves subjected to various doses of 


intervening period. data 
Fig. | 
X-irradiation and similarly analysed indicate 
that synthesis of protochlorophyllide in the 
dark was inhibited with increasing dosage. The 
greatest sensitivity was exhibited with dosages 
below 8 kr, whereas any additional X-irradia- 
tion had very little effect on the inhibition of 
the synthesis of pigment precursor. 

Samples subjected to the same dosages of 
X-ray 


placed under white light for 5 hr, indicated 


and regimen as described above and 


that the continued synthesis of chlorophyll had 
a similar radiosensitivity, in that most of the loss 
in chlorophyll-synthesizing ability occurs with 
dosages below 8 kr. 

An X-ray dosage of 12 kr was employed as a 
standard dosage, inasmuch as the slope of the 


8 


X-DOSAGE (kr) 


Fic. 1. 


Effect of. X-rays on synthesis of protochlorophyllide during an 18-hr dark 


period, as measured by its conversion to chlorophyll. 
etiolated control samples exposed to | min of white light at start of experiment. 
etiolated control samples exposed to 1 min of white light 24 hr after start of 


experiment. 


X-rayed samples allowed to develop in the dark overnight and then exposed to 


1 min of light. 
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Table | 


CHLOROPHLL SYNTHESIS IN X-IRRADIATED ETIOLATED BEAN LEAF ‘TISSUE 


Effect of X-irradiation on the conversion of protochlorophyllide to chlorophyll a* 


lreatment 


Freshly excised 0-61 
18 hr dark period 1-07 
0-46 


Net gain 


Net gain of light pretreatment over dark 


No light pretreatment 


No X-ray 


| min. light pretreatment 


12 ke No 12 kr X-ray 
06006 0-99 
010 =| 0-83 0-40 


*ug/plant. 


radiosensitivity curves is at a minimum at this 
value. It is to be noted that even at this high 
dosage, there was little destruction of proto- 
chlorophyllide nor of its ability to be converted 
to chlorophyll. The data in Table 1 suggests 
that ionizing radiation reduces the chlorophyll- 
synthesizing potential of the plant by inhibiting 
the development of proplastids’'!*) inasmuch 
as no new protochlorophyllide is synthesized 
during the dark period in X-rayed tissue. The 
data also reveals a lack of interaction between 
light and X-rays, since the net gain was the 
same in chlorophyll content of both the light- 
pretreated, X-irradiated and unirradiated leaves 
over that of corresponding unpretreated con- 
trols. 

In a second set of experiments, leaf samples 
were subjected to X-ray treatment and im- 
mediately irradiated under the fluorescent 
lamp bank at approximately 1000 uW/cm?. 
Periodically, samples were removed and ex- 
tracted. Time course data for X-irradiated and 
control tissues (Fig. 2) revealed that the X-ray 
treatment had reduced the rate of synthesis of 
cholorophyll to about one-half that of the 
control. 

An additional two sets of plants, one as 
control and the other receiving X-irradiation, 
were exposed to 10 min of white light as pre- 
treatment, and then placed in the dark for 
10 hr. When these samples were returned to the 
light for assaying, chlorophyll synthesis in- 
creased rapidly. The rate of chlorophyll syn- 
thesis in these light-pretreated leaves was so 
stimulated that in 12 hr of light, the chlorophyll 
content was equal to that of the unpretreated 


control sets that were exposed to light con- 
tinuously for 24 hr (Fig. 2). Although in leaves 
subjected to ionizing radiation the synthesis of 
chlorophyll had been reduced to approximately 
one-half that of the control, nevertheless, pig- 
ment synthesis exhibited a response to light 
pretreatment which was similar in proportion to 
that found in unirradiated control sets. This 
further indicated an independence of action 
between ionizing and visible radiation without 
any evidence of any additional recovery or 
reversal from the damage due to ionizing 
radiation attributable to the light pretreatment. 

A time course study similar to that described 
above was made using a Van de Graaff accelera- 
tor, on leaves exposed to 100 kr equivalent x-rays. 
The results observed did not differ from those 
of the X-irradiated tissue, except that chloro- 
phyll synthesis response to 100 kr dosage 
was reduced to one-tenth that of controls, as 
against one-half for X-irradiation. Again, the 
light pretreatment resulted in the same pro- 
portional stimulation response both 
controls and X-irradiated leaves. 

A change in experimental procedure was 
introduced in order to eliminate continuous 
sampling over a 24-hr period. Plants were 
prepared, X-irradiated and pretreated on one 
day, allowed to develop in the dark overnight, 
and assayed the following day. 

Following this regimen, an additional test 
was made to further demonstrate the in- 
dependence of light and X-irradiation responses. 
Two sets of pretreated X-irradiated plants were 
used; one set was light-pretreated for several 
minutes prior to the X-ray exposure, while the 
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14 16 18 20 
(hr) 


Fic. 2. Effect of X-ray and light pretreatment on chlorophyll synthesis. Scale on the 
left is for X-rayed tissues; the right hand scale is for controls. 

-control samples placed under white light at start of experiment (O). 

X-rayed and placed under white light at start of experiment (X). 
@ control samples pretreated with 10 min of light, followed by 10 hr of dark and then 


returned to light (O+L). 


a- X-rayed samples pretreated with 10 min of light, followed by 10 hr of dark and then 


returned to light (X+L). 


other set was post-X-ray illuminated. All 
samples were then placed in the dark overnight, 
and the next morning all were placed under the 
assay luminaire for 8 hr. Again the independence 
of the light pretreatment reactions and that of the 
X-irradiation was demonstrated by the fact 
that the pre- and _ post-X-ray light-treated 
samples exhibited a negligible difference in 
pigment accumulation (Fig. 3). The net response 
to the light pretreatment by X-irradiated tissue 
is of the same magnitude as that of the non-X- 
irradiated tissue. 

In order to establish the photomorphogenic 


nature of the light reaction, the response of 
chlorophyll synthesis to blue versus red energy 
pretreatment was examined. Two interference 
filter monochromators as described by Wirx- 
RoW" were arranged to give monochromatic 
energy at 450 and 650 mu. For pretreatment, 
samples were exposed to 2°4 em* at the red station 
and 9°6 em, or four times as much energy, at 
the blue station. Control samples were extracted 
immediately after the pretreatment to obtain 
the initial protochlorophyllide conversion. Test 
plants were kept in the dark overnight and were 
then placed under the white light assay lumi- 
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Fic. 3 

synthesis. 

@—10-min white light pretreatment 
white light (O-L). 


light (X+L). 
10-min white light pretreatment, | 


light # xX 


which time they were 
Table 2, 


treatment in both controls and X-rayed samples 


naire for 5 hr, afte 


extracted. As shown in the red pre- 


stimulation to the 


ereatel 


gave significantly 


chlorophyll-synthesizing mechanism than did 


the blue. 
The 


indicates that a short light pretreatment stimu- 


accumulated experimental evidence 


lates subsequent chlorophyll synthesis in both 


X-rayed and control samples through a photo- 
S 


morphogenic response which manifests itself in 


maturation and/or in- 


enhanced 
creased proplastid number. This photomorpho- 


proplastid 


genic response is independent of the proto- 


chlorophyllide conversion action spectrum, as 


well as the effects of ionizing radiation. 
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4 
ASSAY 


L000 uWocm?), 


2 kr X-ray, 


TIME 


(hr) 


Effect of X-ray and pre- or post-X-ray light treatment on subsequent chlorophyll 


18-hr dark period, continuous white 


18-hr dark period, continuous white light (O). 
12 kr X-ray. 18-hr dark period, continuous white light (X). 
A-|2 kr X-ray, 10-min white ight pretreatment, 


8-hr dark period, continuous 


8-hr dark period, continuous white 


SUMMARY 
experimental data 
of chlorophyll 


On the basis of the 
| 


presented, the independence 
synthesis in its response to X-irradiation and 
light demonstrated. 
lonizing 
chlorophyll-synthesizing potential of the plant. 
Whatever protochlorophyllide is present before 
the X-irradiation is not destroyed and can be 


pretreatment been 


radiation “‘damage’’ reduces the 


photochemically converted to chlorophyll. How- 
ever, depending upon dosage, new synthesis of 
additional protochlorophyllide is inhibited. An 
exposure to a short light pretreatment, on the 
other hand, can stimulate the subsequent 
chlorophyll synthesis through an independent 


photomorphogenic type response. 
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Table 2. Effect of monochromatic light pretreatment on subsequent chlorophyll* synthesis 


No X-ray 12 kr X-ray 
‘Treatment Light pretreatment Light pretreatment 
None Blue? Red§ None Blued 


Chlorophyll at end of pretreatme 6°81 


Chlorophyllt after pretreatment, 18 hr 
dark and 5 hr light (1200 uW/cm? 


Ratio: Light pretreated unpretreated 


fresh weight. 

+Total chlorophyll less pretreatment values. 
tBlue 450 my, 9-6 mJ. 

§Red — 650 my, 2-4 mJ. 
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THE GENETICAL CONTROL OF RADIOSENSITIVITY—IIL GROWTH 
MEASUREMENTS IN LYCOPERSICUM AND MELANDRIUM 


D. R. DAVIES 
Wantage Research Laboratory AERE, Berks., U.K. 
(Recewwed 14 February 1962) 


Abstract—A genetical control of radiation response has been detected in Lycopersicum and 
Melandrium species. The nature of this control was investigated by analyses of the progenies of a 
diallel cross of six genotypes of Lycopersicum and of five genotypes of Melandrium. Seeds and 
seedlings were irradiated and growth measurements taken at various stages of development. 
There were numerous difficulties associated with the utilization of growth data for the assessment 


of comparative radiosensitivity—the most important being the strong positive correlation 


between control values and the degree of growth depression. A metric of sensitivity had to be 


calculated which removed this correlation. Evidence of both additive and dominance variation 


was found and also of pronounced reciprocal differences. ‘The genetical control varied according 
to the stage irradiated and the stage measured. The significance of this variation and of the 
reciprocal differences is considered, and the value of growth data for radiobiological investiga- 


tions discussed. 


Résumé—-Un controle génétique de la réponse aux radiations a été détecté dans des espéces 
de Lycopersicum et de Melandrium. La nature de ce controle a été étudiée par analyse de la 
progéniture provenant de croisements dialléles de six génotypes de Lycopersicum et de cing 


génotypes de Melandrium. Des grains et des plantules ont été irradiées et la croissance mesurée 
a divers stades du développement. I] y eut de nombreuses difficultés résultant de l'utilisation des 


données sur la croissance dans l’évaluation de la radio-sensibilité comparée. La plus importante 
était due a l’existence de la trés forte corrélation positive entre les valeurs du contréle et le degré 


de dépression de la croissance. Une métrique de la sensibilité 4 du étre calculée afin d’écarter 
cette corrélation. Une variation additive et de dominance ainsi que des différences réciproques 


prononcées ont été mises en évidence. 
Le contréle génétique variait d’aprés le stade irradié et le stade mesuré. La signification de 


cette variation ainsi que des différences réciproques a été considérée et la valeur des données 


sur la croissance dans ces investigations radiobiologiques a été discutée. 


Zusammenfassung—In Lycopersicum- und Melandriumarten wurde genetische Regulierung 
der Bestrahlungsreaktion gefunden. Die Eigenart dieser Regulierung wurde durch die Analyse 
der Nachkommenschaft einer Diallelkreuzung von seche Lycopersicumgenotypen und funf 
Melandriumgenotypen untersucht. Samen und Keimlinge wurden bestrahlt und Wachstums- 
messungen an verschiedenen Entwicklungsstadien vorgenommen. Zahlreiche Schwierigkeiten 
zeigten sich in der Ausniitzung der Wachstumsdaten fiir die Bewertung der vergleichenden 
Strahlungsempfindlichkeit—die Wichtigste davon war die starke positive Korrelation zwischen 
den Werten der Kontrollen und dem Grad der Wachstumunterdriickung. Eine Empfindlich- 
keitmetrik musste berechnet werden um diese Korrelation auszuschalten. Nachweis fiir 
additative sowohl als dominante Variation wurde gefunden, sowohl wie auch bedeutende 
reziproke Unterschiede. Dir genetische Regulierung war verschieden, und hing vom Stadium 
bei Bestrahlung und Stadium zur Zeit der Messung ab. Die Bedeutung dieser Variation und 
der der reziproken Unterschiede wird erwogen und der Wert der Wachstumdaten fur strahlen- 


biologische Arbeiten wird besprochen. 
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THE GENETICAL 


INTRODUCTION 


Numerous biological factors are known to be 


important in determining the radiosensitivity of 


higher organisms, and the particular importance 
of some nuclear factors in this context has been 
shown. that 
variations in D.N.A. 


content, chromosome size and number, nucleolar 


indicated recently. It has been 


nuclear volume and 
and heterochromatin content, and centromere 
number and position, account to a large extent 
for the range of radiation tolerances found in 
various species and genera of higher organisms. 
That the particular genetic constitution of an 
organism has an influence on its radiosensitivity 
has also been recognized, but few attempts have 
been made to analyse critically the role of this 
In 


nature of this genetic 


genetic factor. an earlier study® the 


control was investigated 
by analyses of three seedling characters in the 
control and irradiated progenies of a diallel 
cross of six Lycopersicum varieties. ‘These analyses 
showed evidence of additivity and dominance 
for radiosensitivity and pronounced consistent 
and inconsistent maternal effects were also 
observed. ‘The main aims of the present experi- 
ments were firstly, to confirm that the radio- 
sensitivity of a plant is to some extent genetically 
Secondly, to the 


ol genotypes irradiated as 


controlled. compare relative 


radiation response 
seeds) and as actively metabolizing 


Vhirdly, 


information regarding the reciprocal differences 


dry systems 


ones (seedlines to obtain further 


observed in the earlier experiments. Lastly to 


clarify the role of cellular elimination in 


affecting the ultimate radiation response of a 


pl int. 


MATERIALS AND METHODS 
Iwo separate experiments were undertaken. 


the comparison of seed and seedling 


irradiation Lycopersicum esculentum was used, and 


for the comparison of developmental stages, the 


two dioecious species .Velandrium album and AM. 


rubrum were used. The same six Lycopersicum 


varieties were used as in a previous experiment, 
2-L.I Harbinger; L2 Early Market; L3 Essex 
Wonder: L4 Ailsa Craig: LS Hundredfold: 
L6 Carter’s Sunrise. ‘These were crossed in all 


possible combinations including reciprocals, 


and the parental and F, seeds equilibrated over 


CONTROL 


OF 

Calcium Chloride for seven days and_ then 
divided into three groups. 

a) Irradiated (17286 rad Co®® gamma rays, at 
1116 rad min) and then immediately soaked 
in nitrogenated water for 25 min. 
Non-irradiated, soaked as in (a 
Soaked as in (a) and irradiated 
Co®? gamma rays, at 1600 rad/hr) at 


2000 rad 
the 
3-4 leaf stage (18 days growth 

All seeds were planted singly in paper pots, 
and the plants grown initially in a greenhouse. 
There were seven plants per sub-plot, three 
sub-plots (a, b, ¢ above) per plot, thirty-six 
plots (genotypes) per block and four blocks. ‘The 
same design was used in the greenhouse and 
field. Characters scored were height at the 48th 
day, fresh weight at the 110th day after sowing, 
and flowering time. 

Five Melandrium 
rubrum 


forms of were used and 
Ml M. 
U.K. M2 rubrum (ex Cardiganshire, 
U.K.); M3 AL. album (ex U.S.S.R.-Seed collec- 
tion): M4 AZ. album (ex Cardiganshire, U.K. 

M5 AL. album (ex Poznam University, Poland). 
Seeds were placed over Calcium Chloride for 
60 


crossed ex Pembrokeshire, 


seven days then exposed to 2000 rad of Co 
gamma rays at 2000 rad hr. They were then 
germinated in petri dishes, transferred to boxes 
in the greenhouse and later planted in the field. 
There, as in the greenhouse they were grown in 
a randomized design of three blocks, each block 
having twenty-five plots (genotypes) and each 
plot being composed of two sub-plots one of 
thirty irradiated and the other of thirty control 
seeds. Characters scored were—summed coty- 


) 


ledon lengths at the 25th day, summed leaf 


leneths at the 35th day, weight and stem 


number at the 162nd day after sowing and 


flowering time. 


RESULTS 
The Metric of Radtosensitivil 
marked between 


There differences 


genotypes in the extent to which growth was 


were 


depressed after irradiation. The importance of 
this genetic factor was shown in the data from 
two genotypes which had similar control weights. 
One was reduced after irradiation to 21-7 per 
cent and the other to 74-5 per cent of its control 
value. However, the magnitude of this depression 
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in growth after irradiation could not be used as 
a measure of radiosensitivity. It was found that 
the amount by which the growth of any geno- 
type was depressed, was directly correlated 
with the size of the unirradiated or control form 
of that genotype. Genotypes which produced 
large plants when unirradiated consistently 
showed a greater depression of growth than 
those which produced small plants when un- 
irradiated (Fig. 1). It was necessary therefore to 
determine whether there were genetic difler- 
ences in sensitivity which were separable from 
differences in growth. The correlation of growth 
depression and control growth was removed by 
fitting a regression line to the observations 
relating the differences between control and 


irradiated sub-plot means the control 


G 


IRRADIATED , 


AND 
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value, for each block independently. ‘The 
deviation of the actual observation from the 
expected value on the regression line was then 
taken as the metric of radiosensitivity. A positive 
value, i.e. a greater difference between control 
and irradiated plot means than would have 
heen predicted from the regression line, indicated 
a more sensitive, and a negative value a more 
resistant genotype. Occasionally irradiated plot 
means were larger than the control, or in the 
case of flowering time smaller than the control. 
This meant that the expected value on_ the 
regression line was negative. ‘To correct for this, 
the deviation (the metric of sensitivity) was 
always multiplied by the sign of the expected 
value and in this way it was ensured that a 
sensitive genotype had a positive value and a 


600 
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800 1IOOO 


WEIGHT, G 


Fic. 1, An example of the relation between control weight values and growth depression 


in Lycspersicum, Each point represents a single genotype. 
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resistant one a negative value. It must be mean of four blocks, P—0-02 to 0-01 and 0-05 
emphasized that the metric used could only to 0-02 respectively) and one genotype of 
give a relative measurement of response for Melandrium, M3 xM5, flowered 10-3 days 


those particular genotypes used in a given earlier than the control (mean of three blocks, 
experiment. It may have minimized true P=0-02 to 0-01). None of these genotypes was 
differences and in using it we ignored the fact markedly different in terms of any of the other 
that large plants may have been genuinely more characters measured and they were not at the 
sensitive than small ones. At least it was shown extreme ranges of expression of any of the 


that the large plants did not give rise to smaller — characters. 


irradiated plants than did the small control 


plants. However, the main aim of the experi- The genetic control 
ment was the assessment of parent-offspring Analyses of variance of the progenies of the 


relationships and the metric used should be — two diallel crosses were made in order to detect 


satisfactory for this purpose although it only — genetic variation of the following kind: 
gave relative values. a) variation between the mean effects of each 


parental line. 


Induced Variation b) dominance. This can be subdivided, a 
Exposure of any living organisms to a significant 6, value indicating unidirectional 
mutagen usually results in an increased variation dominance and a significant 6, value indica- 
within the immediate or later generations of the ting asymmetry of gene distribution. 
treated population. Due to the correlation  (c) consistent maternal effect (average recipro- 
between the reduction in growth and control cal diflerence related to a given line). 
values referred to earlier, the first generation d) inconsistent maternal effect (reciprocal 
progenies in these experiments generally showed difference related to a particular cross). 


a decreased variation, both within and between — For a detailed account of this analysis the reader 
genotypes (Table 1). Data for flowering time _ is referred to a paper by Hayman. *) 
demonstrated this very well, though there was Other analyses involved comparisons of the 


an increase in the mean after irradiation. variances of array means (17) and covariances 

Numerous reports of radiation induced within arrays of family means on to the non- 
stimulation of growth exist but in only a few _ recurrent parent means (Wr), (array= progenies 
instances is convincing evidence provided. The of a common parent). Comparisons could also 


only statistically significant stimulation induced be made of Wr and the covariance within : 

in the present experiment was for flowering arrays of family means on to the mean of all ; 

time. Two genotypes of Lycopersicum, L1 L4 offspring of that array (W!r). 

and L2 x L3, flowered 5-6 and 5-2 days earlier In all these calculations the mean values of i: 

Table 1. Within plot variation for all genotypes a 

Control Seed irradiated Seedling irradiated ‘ 

Plant Character - - - - 

Mean MeanSquare Mean MeanSquare Mean Mean Square 

Height 15-42 5:27 11-03 5-08 13-59 3-85 Be 
Lycopersicum Weight 763 36616 521 25592 604 21385 os 
Flowering time 48-80 35-07 67-41 32-22 55°39 32-97 ts 
Cotyledon 21-83 11-57 18-37 5-78 

First leaf 51-96 216-50 37-65 104-77 
Melandrium Weight 256-41 7835 244-48 5898 
Tiller No. 6:57 3-22 6:72 2-98 
Flowering time 75-89 148-12 80-87 80-82 
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the reciprocal families were used initially. If the 
Wr/Vr and W!r/W7 relationships are represented 
graphically certain genetic information can be 
the points 
9,10) 


drawn from the distribution of 


representing each array on the graph.‘ 


Lycopersicum 

The calculated values of the metrics of radio- 
sensitivity after seed irradiation are given in 
Table 2. The first statistic in each sector refers 
to the value from height, the second from weight, 
and the third from flowering time. 

The results of the analyses of variance for 
radiosensitivity after seed irradiation are given 
in Table 5. The genetic control of radiosensitivity 
was Clearly demonstrated in the data from height 
and weight measurements. There were signifi- 


each parental line, and evidence of dominance, 
which was definitely ambidirectional in the 
case of weight values and a tendency in this 
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cant differences between the mean effects of 


Table 2. Mean values of the calculated metrics of radiosensitivity for Lycopersicum genotypes, after seed irradiation 
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direction also for height values. Pronounced 
reciprocal differences were found, their extent 
being well illustrated in the extreme cross of 
L2 and L3. The hybrid with L2 as maternal 
parent was the most radioresistant in the whole 


experiment and the reciprocal was the most 
radiosensitive (Table 2). Radiosensitivity data 
from flowering times gave no evidence of 
differences between parental lines, some evidence 


of dominance, this time towards resistance, and 


again pronounced reciprocal differences. 
Joint regression tests of the Wr Vr and W!r/ Wr 


relationships were significant for the weight and 
height data, only after the removal of array LI, 


in other words parent L1 showed genetic inter- 
action with the other genotypes. A significant 
representing 


regression line through points 
mean Wr Jr or W'r Wr values for all blocks 
could only be drawn in the case of W!r/ Wy from 
Table 12). From that graph it was 


height data 
seen that there was no significant interaction 


LI 


0-22 2:3 1-26 


LI 14-85 144-24 
1-8 2-20 0-82 
0-78 1-29 3: 
L2 170-24 25-71 193- 


L4 - 13-23 3-55 38-58 196-31 57-42 17-44 
0-23 1-02 0-49 3-61 1-98 1-08 

2:15 0-85 1-04 1-84 1-88 1-9] 

LS 192-01 30-39 66-95 33-11 - 89-28 94-97 
4-15 1-41 1-17 3°34 3°34 0-41 

1-09 2-14 0-48 0-67 0-64 2-44 

L6 — 90-13 -~150-11 —47- 2-36 34-02 134-94 
— 2:32 — 1-85 1-65 3-98 


L6 


0-19 0-20 2°13 
37°93 60-49 103-54 
0-85 2-22 3-66 
2-11 3-91 0-45 
189-42 34-04 
1-72 3-05 


1-08 
) 103-92 
4-34 


1-86 


flowering time. 


*The first statistic in each sector refers to data from height, the second from weight and the third from 
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remaining after the removal of array L1 (slope 
of the regression line did not deviate significantly 
and no overdominance 


from 0-5 intercept of 


the line on the It axis did not differ significantly 
and Lo 


In the 


from O Genotypes L4+ (sensitive 


resistant) had most of recessive alleles. 


the other measurements the hotn- 


case ol 
significant Wr Tr and Wr regressions could 
be due to interaction or maternal eflects. 

\n attempt was made to eliminate the possible 
upsetting influence of the maternal eflects on the 


iy Tr and 


from 


Wy estimates by analysing the 


data rows (common female parent) and 


columns (common male parent) separately. No 

improvement in the relationships was found. 
After seedling irradiation there was evidence 

radiosensitivity only 


Lables 


Lhe absence of diflerences in the other characters 


of genetic diflerences in 


trom the flowering time data } and 5). 


could have been attributable to too low a level 


dated metrics of radtosensilti 
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of damage to allow the expression of genetic 
differences in radiosensitivity. This seems un- 
likely, however, in view of the fact that some 
genotypes were more badly damaged after 
seedling than after seed irradiation. Significant 
Wr Tr and W'r Wr joint regression lines were 


‘Table 


some 


obtained from the flowerine time data 
12). These 


degree of dominance but not of overdominance 


indicated the presence of 
or interaction. Genotype L6, the most radio- 
sensitive, had most recessive alleles. ‘Vhe highly 
effect the 
height data alter seedling irradiation was ol 


significant maternal observed from 
particular interest and will be considered later. 
A joint regression test of the metrics of radio- 
sensitivity showed no correlation between seed 
and seedling radiosensitivity. 


the 


analysed no evidence could be found of genetical 


three control characters were 


differences between the parents and only some 


ity for Lycopersicum genotypes, after seedling irradiation 


Lo 


0-80 
65-07 
1-61 


0-17 
11-68 
3-14 


1-64 
51-73 


0-68 


0-42 
29-52 


0-87 


1-34 
108-83 
1-59 


1-06 
16-19 
2-07 


0-05 
34-93 


0-59 


0-68 
26-04 
2-24 


68-57 
6-52 


‘The first statistic 


flowering time. 


in each sector refers to data from height, the second from weight and the third from 
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LJ L2 L3 L4 
0-63 2-22 0-46 0-74 
L| 17-28 92°52 73°33 54-97 
2-62 -22 1-33 0-8] 
0-24 0-24 1-30 0-20 | 
L2 8-65 53-42 37-09 33-96 
1-04 0-82 6-31 2-96 || 
0-44 Q-22 0-37 1-23 
L3 19-67 27-96 32-63 ; 
2:31 2-52 1-71 
0-64 1-55 0-28 0-85 
$-O4 0-9] 11-43 24-67 83-03 
1-3] 0-20 3-75 1-81 0-93 
: 0-15 0-75 0-21 1-90 0-57 0-82 
L5 20-86 1-66 28-07 52-64 22-84 73-33 f 
15 1-78 0-79 3-66 1-75 2-04 
2 0-46 0-46 0-04 1-99 1-48 = 
Lo 5-63 17-23 7-69 66-70 : 
2-47 1-17 0.48 1-38 
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evidence of dominance for flowering time 
Tables 4 and 5). It is quite clear therefore that 
different were involved in. the 
control of radiosensitivity and growth, and it was 
likely that different 


sensitivity after seed and seedling irradiation. 


gene systems 


very systems controlled 
This conclusion could be verified by a modifica- 
tion? of an analysis of variance devised by 
ALLARD.) This is concerned with the relative 


action. This analysis for flowering time data is 
given in Table 6. There was evidence of domin- 
ance, and the significant A x D x R interaction 
indicated the influence of the maternal eflects 
on the estimates of nuclear gene interactions.) 
The significant Ax Dx S component showed 
that a different genetic control existed for the 
measured (two of radio- 


three parameters 


sensitivity and one control). 


maenitudes of Wr and Ir under different condi- 
\elandrium 
The results of the analyses of variance esti- 


tions, and will test the significance of variation 
to blocks 


B) to the difference between rows and columns 


due to dominance (D) to arrays (A 


mating the genetic variation for radiosensitivity 


R) (common female and common male parent — are given in Table 11. In the irradiated series 


respectively) and to the difference between seed seed irradiation only, Tables 7 and 8 genet 


radiosensitivity, seedling radiosensitivity and variation in radiation response was demon- 


control growth (8). A. significant dominance strated from cotyledon, first leaf, and flowering 


component can be expected, except when time measurements but not from fresh weight 


dominance is complete and the array component — data and tiller numbers. ‘There was no corre- 


lation between radiosensitivity at early and late 


detects differences in the proportion of dominant 


and recessive alleles between parents. A signifi- erowth stages. From cotyledon measurements 


cant DxA usually indicates non-allelic inter- — there was evidence of significant differences in 


Table 4. Mean values for the control characters of Lycopersicum genotypes 
g 


15-36 
686-97 
11-80 


13-04 
688-57 
14-43 


653-43 


16-09 


15-84 
695-69 


15-23 
705-66 
14-11 


13-93 
770-95 


13-59 


15-02 
773-80 
19-4] 


16-18 
780-06 
9-17 


799.20 
10-0] 


16-88 
819-50 


8-86 


15-78 


12-50 


14-81 
769-58 
11-92 


14-80 
698-06 


16-32 


14-89 
815-63 


15-90 
784-48 


16-39 
653-00 
9-66 


15-70 
794-85 894-67 
9-98 3. 39 


15-17 
768-44 
15-45 


*The first statistic in each sector refers to height, the second to weight and the third to flowering time. 
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15-35 14-33 17-29 15-52 
7-86 7-19 9-10 
L2 763-32 753-93 797-44 
12-02 11-36 12-01 12-24 
12-27 16-95 16:59 15-34 
L3 674-17 853-66 798-22 
76 
10-76 13-11 10-96 
14-05 12-85 16-88 
L4 751-58 760-30 867-74 
L5 827-59 749-82 
13-08 11-31 15-10 10-97 
L6 
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Table 6. Analysis of variance of Wr and Vr for radiosensitivity determined from 


flowering times, after seed and seedling irradiation and for the control character 


(Lycopersicum) 


Mean Square 


Arrays (A) 

Blocks (B) 
Dominance (D) 
Rows and Columns (R) 
Radiosensitivity and Control (S) 


Others non-significant 


Residual 


Total 


5 307-43 
3 364-15 
l 22717-00 xxx 
l 1516-90 
312-23 
30 223-96 x 
5 403-68 x 
10 370-52 xx 
6 580-48 xxx 
6 511-05 xx 
188 194-90 
30 131-72 


the radiosensitivity of parental lines. 
The components of variation (c) and (d) did 
not necessarily indicate maternal effects in 
dioecious species such as these. The reciprocal 
differences in radiosensitivity among male and 
female progenies were the same, however, 
indicating that sex linked factors did not con- 
tribute to the reciprocal differences. From first 
leaf measurements there was again a significant 
(a) component and also evidence of dominance, 
this time, at least in the males, with a tendency 
towards radioresistance. Sex differences in 
radiosensitivity were not significant. 

The estimates of the genetic control of radio- 
sensitivity from flowering dates were different 
(Table 11). In the males, but not in the females, 
there were parental differences and dominance, 
again towards resistance. 

The Wr/Vr and W!r/Wr regressions for radio- 
sensitivity from cotyledon data are given in 
Fig. 2. In no instance was there overdominance, 
and the only evidence of gene interaction was 
in the W?r/Wr graph from cotyledon measure- 
ments in males (deviation of slope from 0-5 
significant at the 0-02 to 0-01 level). The two 
remaining significant Wr/Vr and W'r/Wr values 
(from first leaf data) are given in Table 12—in 
Cc 


these there was again no interaction or over- 
dominance. 

The genetic control of the growth data them- 
selves (Tables 9 and 10) was of interest only 
in so far as it could be compared with that for 
radiosensitivity. Comparison of the genetic 
variation Table 11, and of the Wr/Vrand W'r/ Wr 
regression lines (Table 12) and the distribution 
of array points showed clearly that there was a 
different genetic control of growth and radio- 
sensitivity. 


DISCUSSION 

Radiation induced growth reduction in 
plants is generally considered to be primarily 
due to nuclear damage, and is a parameter 
which has been extensively used in _ radio- 
biological investigations. However in the present 
experiments it was observed that the extent of 
this radiation induced growth depression was 
directly correlated with control growth values. 
Genotypes which were potentially larger con- 
sistently showed a greater depression than those 
which were smaller. Thus growth reduction 
could not be used as a metric of radiosensitivity. 
This correlation is one which has been generally 
ignored in the past, but unless the metric used 
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Mean values of the calculated metrics of radiosensitivity for male Melandrium genotypes, after seed irradiation 


M3 M5 


0-0] 1-86 
2-89 
36-76 23-93 
1-00 0-80 
0-81 


0-56 0-01 
10-85 13-16 
10-93 5-33 
0-90 1-05 
1-15 7-61 


0-47 

3] 1-64 
35-56 19-95 
0-11 0-01 0-09 
0-25 0-96 


1-44 2-06 

1-15 +-22 9-09 
1-86 18-25 15-75 
0-31] “LL 0-66 0-94 
0-04 5°78 26 0-08 


1-76 0-45 

0-49 ‘FZ 4-72 

21-11 0-87 

0-09 0-88 : 0-21 
0-37 0-29 0-25 


Che first statistic in each sector refers to data from cotyledons, the second from first leaves, 
the third from weight, the fourth from tiller numbers and the last from flowering time. 
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Table 8. Mean values of the calculated metrics of radiosensitivity for female Melandrium genotypes, 
after seed irradiation 


M2 M: M4 

1-59 0-77 1-2] 

10-34 0-38 3-28 

27-64 83-66 8-84 

|! 0-17 1-07 0-08 

OL. 0-63 1-99 2.99 
61 2-11 0-09 1-78 


14-92 15-36 5-84 
1-17 3-20 17-60 

0-15 0-60 0-29 0-09 
4-47 7-97 2-63 4-24 


0-82 0-14 1-45 
7°36 24 10-76 
13-28 0-81 47-44 
0-34 0-60 0-13 
1-29 10-16 
0-86 Sha 3-39 1-83 
2-73 5:76 12-89 10-33 
18-27 49-9° 37-84 2-93 
0-54 26 0-30 0-52 
1-14 4-3: 5°13 4-95 
1-86 — 0-98 1-52 
0-94 6-10 3°83 
9-16 6 21-06 54-36 
0-95 25 0-31 1-2! 
4-72 — 1-96 1-38 


The first statistic in each sector refers to data from cotyledons, the second from first leaves, 
the third from weight, the fourth from tiller numbers and the last from flowering time. 
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Table 9. Mean values for the control characters of male Melandrium genotypes 


MI 


M2 


M3 


M4 


M5 


MI 


20-93 
46-40 
260-00 
7-46 
87-49 


24-70 
59-96 
324-92 
7-83 
83-28 


18-40 


53-64 
236-20 
7-01 
73-82 


26-97 
85-59 
294-41 
7-22 
74-26 


21-19 
49-63 
275-02 
7-40 
‘68 


/ 


M2 


19-68 


48-77 
297-49 
7-49 
85-14 


21-96 


53-03 
218-69 
7-67 
81-22 


15-75 
46-04 
296-47 
8-33 
83-65 


24-12 
54-48 
290-39 
7-98 
82-18 


19-16 


48-35 
264-81 
8-25 
78-65 


31-96 
170-98 
4-89 
85-14 


25-86 
58-96 
335-89 
6-05 


M4 


20-13 
54-78 
235-33 
7-43 
79-88 
23.28 
59-03 
239-78 


290-02 
6°33 
84-26 


22-98 
39-00 
278-86 
6-06 
79-41 


M5 
22-09 
50-74 
233-15 

6-94 

72:11 


The first statistic in each sector refers to cotyledons, the second to first leaves, 
weight, the fourth to tiller numbers and the last to flowering times. 
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Table 10. Mean values for the control characters of female Melandrium genotypes 


M1 M2 


20-60 20-69 
47-26 49-14 
317-61 

7°95 


89-28 


80-60 


20-36 
49-86 
292-13 
8-21 
72-73 


24-86 


M3 


23-05 


60-26 
250-71 
5-97 
77-69 


27-21 
61-44 
328-43 
581 
47-93 


31-99 
252-34 
5-69 
84-04 


55-98 
409-09 
6-08 


15-15 


M4 


21-91 
64-17 
303-60 
7-43 

80-18 
23-20 
58-01 
271-74 
5-89 
57:07 
17-55 
39-94 
331-34 
6-95 


87-89 


So 


oo 
~sI 
NO OO 
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M5 
23-92 
57-90 

263-72 

6-18 
61-22 


65-40 
237-09 
5-41 
45-63 


42-89 
282-50 
5-85 
69-19 


28-25 
44-94 
295-03 
5-11 
71-10 


21-95 
43-60 
209-96 
5-10 
63-09 


27-40 


The first statistic in each sector refers to cotyledons, the second to first leaves, the third to 
weight, the fourth to tiller numbers and the last to flowering times. 
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RADIOSENSITIVITY 
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and W'»/lr graphs from the diallel analyses of cotyledon data in Melandrium. 


The array points represent mean values for all blocks. 
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in any comparison of varieties, species or genera 
which do not have the same control value, takes 
account of the correlation, an incorrect assess- 
ment of comparative radiosensitivity is obtained. 
Instead of differences in sensitivity to primary 
nuclear damage differences in growth will be 
measured. The correlations are not removed by 
expressing growth of irradiated plants as a 
fraction of control growth for example, but they 
can be removed in the way described earlier. 
Such correlations may be due to the different 
growth rates of the various genotypes; since 
growth is exponential a given initial radiation 
induced delay in growth will result in a more 
marked depression in a faster than in a slower 
growing genotype. There is no information 
available on the relative delay in genetically 
divergent forms. 

Other difficulties can arise in the interpreta- 
tion and utilization of some growth data since a 
reduction in growth can be due to various 
factors, one example being an upset hormonal 
metabolism. Another factor which appeared of 
importance in the present experiments was 
related to the growth and competition of cells in 
irradiated meristems. Foilowing irradiation the 
meristems are depopulated due to cell differen- 
tiation and death, and later repopulated by a 
mixture of normal and mutant cells—the latter 
usually having a slower growth rate. Cellular 
competition may result in a swamping and an 


elimination of the mutant cells. The extent of 


this elimination is directly related to growing 
conditions—the better the conditions the greater 
the advantage normal cells have. Since 
optimum environmental conditions for growth 
will be specific for each genotype, the rate of 
elimination in one given environment will vary 
among genotypes. Again, elimination rates are 
related to meristematic organization,“ and 
possibly to the general level of damage. 

The importance of some of these factors may 
not be very great when the radiosensitivity of 
closely related genotypes, such as those used in 
the present experiment, are compared in terms 
of growth parameters, but in comparisons of 
widely divergent species and genera they can be 
particularly important. It was shown earlier 
that comparisons of irradiated plants over a 
fixed unit of time are invalid unless the forms 


compared have a similar control value, or the 
correlation with control growth is removed. 
Similarly comparisons of divergent forms over 
a fixed unit of control growth will not give 
valid measures of chromosomal damage unless 
the rate of cell elimination is similar, and from 
the evidence of the present experiments the role 
of this process must not be underestimated. 
The metric of radiosensitivity used, though 
only a relative one, was adequate for the main 
purpose of the experiment—the assessment of 
parent-offspring relationships. Clear confirma- 
tion was obtained of earlier evidence”) that the 
radiation response of an organism is a heritable 
character. The genetical control was quite 
different from that concerned with the growth 
of the plant. There was evidence of dominance, 
mostly ambidirectional but in some instances 
towards greater radioresistance. Ambidirec- 
tional dominance was detected in a previous 
experiment™) using the same genotypes of 
Lycopersicum and scoring three seedling charac- 
ters. Its possible significance in relation to the 
evolution of the character ‘‘radiosensitivity’’, 
has been discussed previously.) Lawrence from 
a study of the genetic control of radiation 
induced chromosome breakage in rye has shown 
dominance to be exclusively in the direction of 
increased sensitivity in that species.¢) 
Reciprocal differences were observed in all 
instances after seed irradiation of Lycopersicum 
and also possibly, as explained earlier, in 
Melandrium. This could have been due to the 
influence of the endosperm on embryo develop- 
ment immediately post-irradiation. The fact 
that maternal effects were detected even when 
mature plant characters were scored did not 
disprove this concept since the initiating event 
which resulted in radiation damage at all stages, 
had occurred in the embryo. However, the 
evidence of maternal effects even after seedling 
irradiation indicated that true cytoplasmic 
effects, and not necessarily endosperm influences, 
could have been involved in the production of 
these pronounced reciprocal differences. READ“) 
has reviewed the evidence for attributing radia- 
tion induced growth reduction in the roots of 
Vicia faba to chromosome damage and there is a 
considerable amount of evidence which indicates 
that delay in division and cell death in other 
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organisms are primarily attributable to nuclear 
damage. The cytoplasm is inherently resistant to 
radiation. Nevertheless it might be expected, 
and it has been established, that the cytoplasm 
plays a role in the development of nuclear 
damage. Duryee’s experiments on nuclear 
transplantation in amphibian eggs showed that 
the development of lesions in irradiated nuclei 
was dependent on the presence of an irradiated 
cytoplasm.“ Orp and have shown 
similarly that irradiated amoeba nuclei trans- 
ferred into a normal cytoplasm developed 
normally. A similar dependence on the cyto- 
plasm for the development of nuclear damage 
was shown in NAKAo’s results.“*) It is quite 
likely therefore that the different cytoplasmic 
constitution of the cells in the reciprocal crosses 
in the present experiments had a differential 
effect on the development or repair of nuclear 
damage and gave rise to the pronounced 
reciprocal differences in radiosensitivity. 

The different genetical control of sensitivity 
observed in \Jelandrium when measurements 
were made at diflerent growth stages, was not 
unexpected when one considers the changes 
that occur in an irradiated meristem. Radio- 
sensitivity values obtained from very early post- 
irradiation growth stages, more accurately 
measure the relative sensitivities of genotypes to 
primary damage, i.e. chromosome aberration 
production. At the later growth stages the 
meristematic population will be different due 
to the processes of cell elimination referred to 
earlier. Hence measurements at later stages will 
indicate the relative sensitivities of different 
genotypes to aberration production as well as 
indicating the relative amounts of mutant cell 
elimination. There was no correlation between 
sensitivities determined from cotyledons or first 
leaves and from mature weights. In fact there 
were no genetic differences between the geno- 
types at the mature stages. This differential 
response it must be emphasized was not related 
to the different size of the plants at the different 
stages as the growth correlation had been 
removed. In Lycopersicum on the other hand, 
genetic differences were observed at the 
mature stages and this may have been due to the 


greater amount of damage induced, or to a less 
efficient elimination of mutant cells. 


GENETICAL CONTROL OF 
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The different responses obtained after seed 
and seedling irradiation may indicate the 
inherently different response of a resting and an 
actively metabolizing system, or be related tothe 
diflerent meristematic activity and organization 
within the two tissues. The results certainly 
show that extrapolation of results from growing 
plants to resting seeds or vice versa need not 
necessarily be accurate. 

The inherent resistance to chromosome 
aberration production as well as the ability to 
eliminate mutant cells from the meristem are two 
important factors in determining the survival 
and recovery of an acutely irradiated plant, and 
their relative roles as well as the role of other 
factors have to be carefully considered if data 
from growth measurements are utilized in 
radiobiological experiments. 

At present there is no information available 
that would permit identification of the basic 
differences which underlie the heritable varia- 
tions observed in the genotypes examined. 
Nevertheless the effect of this genetic factor has 
been shown to be of such a magnitude that it 
must be taken into account in any consideration 
of factors which influence the radiosensitivity 
of higher organisms. 
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THE INDUCTION OF SPORTS IN CHRYSANTHEMUMS BY 
GAMMA RADIATION 


H. J. M. BOWEN, P. A. CAWSE and M. J. DICK 
Wantage Research Laboratory (AERE), Wantage, Berks., Great Britain 
(Received 4 January 1962) 


Abstract—The effect of gamma rays from cobalt-60 on cuttings of seven chrysanthemum 
varieties has been studied. The LD59s for the cuttings were in the range 3-0—4-3 krad. Irradiation 
caused plants to flower much later than controls. About 40 per cent of the irradiated plants 
showed colour sports; the overall percentage of sports and the percentages of different types 
depended markedly on variety. One sport of one variety appeared to be caused by the breaking 
of a periclinal chimaera. The remainder were believed to be mutants in the broadest sense of 
the term. The number of mutant cells was estimated to lie between 2-2 and 27 per 10° cells per 
krad. Most sports were produced by irradiating varieties with a chromosome number of 54 
and fewest from those with the highest chromosome numbers. A hypothesis is advanced that 
radiation-induced sports may have more chromosomes than their parent, but rarely have less. 


Résumé—L’effet des rayons gamma du cobalt 60 sur des boutures de sept variétés de 
Chrysanthémes a été étudié. La LDso9s pour les boutures était de l’ordre de 3,0—4,3 krad. 
L’irradiation a causé une floraison plus tardive que les contréles. Le pourcentage total des 
variants et les pourcentages de différents types dépendaient d’une maniére marquée de la 
variété. 

Il est apparu qu’un variant était causé par la dissociation d’une chimére péricline. On croit 


que les variants restants sont des mutants au sens le plus large du terme. Le nombre de cellules 
mutantes a été estimé étre situé entre 2,2 et 27 pour 10° cellules et par krad. La majorité des 
variants a été produite en irradiant des variétés 4 nombre chromosomique 54 et beaucoup 
moins de variétés 4 nombres chromosomiques plus élevés. On avance une hypothése suivant 
laquelle les variants induits par des rayons peuvent avoir plus de chromosomes que leurs 


parents mais rarement moins. 


Zusammenfassung—Die Wirkung der Gammabestrahlung (Co*’) auf Steklinge von sieben 
Chrysanthemum-varietaten wurde untersucht. Die LD,» fiir die Stecklinge lagen zwischen 3,0 
und 4,3 Kilorad. Die bestrahlten Pflanzen bliihten viel spater als die Kontrollen. Ungefahr 
40 prozent der bestrahlten Pflanzen hatten Farbenmutationen; der Gesamtprozentsatz der 
Sports und der Prozentsatz der verschiedenen Typen hing von den Varietaten ab. Eine 
Mutation in einer Varietat schien durch die Stérung eines Periklinalchimars hervorgerufen 
worden zu sein. Die Ubrigen sind anscheinend Mutationen im weiten Sinne des Wortes. Das 
Verhaltnis von normalen zu mutanten Zellen ist schatzungsweise zwischen 15,000 und 
180,000, abhangig von der Varietat. Es wird die Hypothese vorgeschlagen, dass Bestrahlungs- 
mutante mehr Chromosomen haben kénnen als ihre Eltern, aber selten weniger. 


INTRODUCTION forms may give rise to bud sports with new 
THERE are two ways in which new varieties of colours, which can be propagated by taking 
cultivated chrysanthemums may arise. The vegetative cuttings. Bud sports originate in an 
majority of new forms have been selected from apparently random manner, and it may take 
the progeny of crosses between fertile parents, many years for an important variety to yield its 
but many of the better forms produced in this full quota of sports. For example, the pink 
way do not readily set seed. Secondly, many variety Sweetheart was first raised in 1939 as a 
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seedling from a cross of White Buttercup with 
Excelda. It was six years before any sports were 
noted, but eleven sports were known by 1990. 
Che history of sporting in this variety has been 
reconstructed in Table 1, which also gives 
the chromosome numbers as measured by 
Dowrick.? 

In the same way the variety Loveliness was 
grown for five years before any other colours 
appeared, but ten sports appeared in the next 
decade. 

The present studies were undertaken to 
evaluate the potentialities of ionizing radiation 
in the production of chrysanthemum bud sports. 
Similar studies have been reported by JANK, 
BREEHAN and and SHaprro and 


(10) 


SHOERTIES. 


Table 1. History of s 


Methods and materials 

Rooted cuttings of seven varieties of Chrysan- 
themum morifolium (Sweetheart, Pearl Sweet- 
heart, Salmon Sweetheart, Golden Sweetheart, 
Orange Sweetheart, Red Sweetheart and Morcar 


Jewel) were obtained commercially in February 


1961. Two weeks after removal of the terminal 
shoot they were irradiated with doses of gamma 
radiation from cobalt-60 ranging from 2:5 to 
10 krad, at a dose rate of 0-537 rad/sec. The 
plants were replanted and raised in a glasshouse 
until 23rd May, and were then planted in rows 
in the field. Normal cultivation and disease 
control practices were carried out on the irradi- 
ated plants and on an equal number of un- 
irradiated controls. 

Mutations were scored in two ways, per 


vorting in Sweetheart 


Variety 
Sweetheart 55 54 
Egerton Sweetheart 55 
Red Sweetheart 55 
Christine Sweetheart 
Bronze Sweetheart 54 55 
Salmon Sweetheart 54 (+53, 56 
Pearl Sweetheart 55 
\pricot Sweetheart 55 
Peach Sweetheart 55 
Orange Sweetheart 55 51. 54. 56 
Deep Red Sweetheart 
Golden Sweetheart 56 


Cream Sweetheart 
Deep Pink Sweetheart 


Chromosome No.* 


Year 
Introduced Sport from 


1939 
1945 Sweetheart 
1945 Sweetheart 
1946 Sweetheart 
1946 Red Sweetheart 
1946 Sweetheart 
1957 Sweetheart 
1949 Sweetheart 
1949 Sweetheart 

9 1949 Sweetheart 
1950 Red Sweetheart ? 
1950 Sweetheart ? 
1961 Red Sweetheart 
1961 Sweetheart 


*Chromosome numbers from Dowrick? 


Table 2. Percentage survival in 7 varieties of irradiated chrysanthemums 


Variety Dose 0 2-5 krad 
Sweetheart 98 83-3 
Pearl Sweetheart 97 76-6 
Salmon Sweetheart 67-2 
Golden Sweetheart 97-5 
Orange Sweetheart 98 90-3 
Red Sweetheart 98-5 81-0 

QQ 96-9 


Morcar Jewel 


5 krad krad 10 krad (krad) 
11 l 0 3-45 
] 0 0 2-99 
8 0 0-5 2-99 
11-5 0 0 3-33 
24 } 4-19 
19 0 0 3-52 
95-5 7 0 4-30 
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bloom and per plant. Each bloom was inspected ning of September, the plants treated with 
for mutant streaks on petals, coloured sectors or 2:5 krad began to flower in mid-August and 
complete colour changes, recorded, and re- produced the maximum number of blossoms in 
moved. Scoring was carried out at weekly mid-October. The few survivors from the higher 
intervals from mid-August till November, and doses of radiation flowered even later and had to 
a few late-flowering plants were lifted and be removed to a glasshouse to avoid the Novem- 
allowed to flower in the glasshouse after frost ber frosts. 
had destroyed the blossoms left in the field. The*number of blooms per surviving plant 
The pigment distribution in the petals of the — did not appear to be much affected by 2-5 krad, 
original varieties, and in sports arising as a but after 5 or more krad the blooms were fewer 
result of irradiation, was studied by stripping in number and larger in size. 
off the upper and lower epidermis layers and 
examining them under the microscope. Petal Number of plants showing sports 
cross-sections were also examined. No fixative In many varieties more than half the irradi- 
was found which could be used as a permanent ated plants showed colour sports of some kind, 
mount for these sections. The anthocyanin but none of the control plants showed any. Up 
pigments fade rapidly and dissolve in water, to four different sports were observed on any 
ethanol, glycerine and other mounting fluids one plant; the percentage distribution of 
tried; Karo syrup preserves the pigment for at multiple sports is given in ‘Table 3. 
least a week. The distribution of the different types of 
colour sports is shown in ‘Table 4. Other types of 
Survival Results sport observed included unusual leaf shapes, 
The percentage survival of the varieties chlorophyll deficiencies in leaves and alterations 
studied is given in Table 2. In each case about in the type of bloom (single, incurving and 
200 cuttings were taken per dose. LD;9s were small-sized blooms), but these were not scored. 
calculated from these data and are also given Only a small proportion of the Sweetheart 
in Table 2. sports were propagable, in the sense that a 
Very few surviving plants failed to flower in whole branch showed mutants which could be 
1961. broken up and propagated vegetatively. The 
majority involved sectors of blooms, individual 
Flowering time flowers (petals) or sectors of petals. The per- 
This was not scored, but it was obvious that centage of propagable Sweetheart sports is 
in all varieties the irradiated plants tended to shown in Table 5: all the Morcar Jewel sports 
flower considerably later than did controls. were propagable. 
Thus although the control plants in the Sweet- 
heart varieties were beginning to flower in Number of blooms showing colour sports 
mid-July and were at their peak at the begin- Although the proportion of plants showing 


Table 3. Percentage of plants showing one or more sports after 2-5 krad 


No. of 
sports 0 l 2 3 } 
Variety 

Sweetheart 57°8 31-7 6-8 3°] 0-6 
Pearl Sweetheart 42-0 55-2 2-8 0 0 
Salmon Sweetheart 41-7 43-3 9-2 2-5 
Golden Sweetheart 94-9 5-1 0 0 0 
Orange Sweetheart 80-2 16-7 3:1 0 0 
Red Sweetheart 46-2 36°3 16-2 1-3 0 
Morcar Jewel 73°93: 20-8 5-9 0 0 
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Table 4. Percentage of plants showing different types of sport after 2-5 krad 


Sport Swt. Pearl Salmon Golden Orange Red Apricot Bronze Cream Deep Deep Egerton 
Pink ‘Red 


Variety 


Sweetheart 57:8 7°5 0-6 7-5 21-1 14-9 6-2 0 0 0-6 0 0 
Pearl Sweetheart 2:1 42-0 1-4 52-4 0 0 0 0 0-7 0 0 4-2 
Salmon Sweetheart 7-5 10-0 41-7 16-7 40-0 2°5 1-7 0 0 0 0 1-7 
Golden Sweetheart 2-6 0-6 0 93-9 1-3 0-6 0 0 0 0 0 0 
Orange Sweetheart 11-5 0 0 7:3 80-2 4-7 0 0-5 0 0 0 0 
Red Sweetheart 4-4 33-1 0 24-4 1-9 46-2 0 0 1-3 0 4-4 1-9 


Table 4A 


Sport Apricot Bronze Cream Yellow Deep Pink Jewel 
Morcar 


Variety 


Morcar Jewel 3-7 10-2 9-1 8-6 0-5 73-3 


Table 5. Percentage of plants showing propagable sports after 2.5 krad 


Sport Swt. Pearl Salmon Golden Orange Red Apricot Bronze Cream Deep Deep Egerton 


Variety Pink Red 
Sweetheart 100 4:3 0-6 0 2°5 3-1 5-0 0 0 0-6 0 0 
Pearl Sweetheart 0-7 100 1-4 6:3 0 0 0 0 0-7 0 0 2-1 
Salmon Sweetheart 2-5 10-0 100 0-8 2:5 0 0-8 0 0 0 0 0-8 
Golden Sweetheart 0-6 0 0 100 1-3 0-6 0 0 0 0 0 0 
Orange Sweetheart 1-6 0) 0 5:7 100 1-0 0 0-5 0 0 0 0 
Red Sweetheart 2-5 33-1 0 5-6 1:3 66-9 0 0 1-3 0 4-4 0-6 


Table 6. Percentage of blooms with one or more colour sports after 2.5 krad 


No. of No. of 
mutants 
per bloom 


ho 
vo 


sports 0 l 


Variety 
Sweetheart 92-06 7-59 0-26 0-09 0-0838 
Pearl Sweetheart 89-54 10-34 0-12 0 0-1058 
Salmon Sweetheart 86-45 12-12 1-15 0-28 0-1526 
Golden Sweetheart 98-75 1-25 0 0 0-0125 
Orange Sweetheart 98-54 1-42 0-04 0 0-0150 
Red Sweetheart 68-01 30-49 1-02 0 0-0603 
Morcar Jewel 97-48 2-52 0 0 0-0252 


Table 7. Percentage of blooms showing colour sports after 2-5 krad 


Sport Swt. Pearl Salmon Golden Orange Red Apricot Bronze Cream Deep Deep Egerton 


Variety Pink Red 
Sweetheart 92-06 0-95 0-06 0-93 1-59 2-80 1-52 0 0 0-53 0 0 
Pearl Sweetheart 0-36 89-54 0-12 9-16 0 0 0 0 0-06 0 0 0-88 
Salmon Sweetheart 1-01 2-86 86-45 3-00 7:37 0-28 0-28 0 0 0 i) 0-46 
Golden Sweetheart 0-40 0-02 0 98-75 0-74 0-09 0 0 0 0 0 0 
Orange Sweetheart 0-60 0 0 0-47 98-54 0-33 0 0-10 0 0 0 0 


Red Sweetheart 1:26 26-50 0 3-89 0-20 68-01 0 0 0-32 0 1-16 0-14 


V Ulie 
1] 
1961 
| 
¢ 
| 


colour sports was quite high, the proportion of 


blooms with colour sectors was much lower. 
Fewer double and triple sports were observed, 
as shown in Table 6. 

The percentage of blooms showing different 
types of colour sports is given in ‘Table 7, 


Pigment distribution 

According to Dowrick, flower colour in 
Chrysanthemum is determined by the presence or 
absence of three different pigments, a soluble 
anthocyanin, a soluble flavone and an insoluble 
plastid pigment. ‘The pigments isolated from 
chrysanthemum petals include the anthocyanin 
chrysanthemin (3, 5, 7, 3’, 4’ pentahydroxy 
flavylium chloride) from red varieties,“ and 
the chemically related flavones apigenin (5, 7, 4’ 
trihydroxy flavone; from a white variety) and 
luteolin (5, 7, 3’, 4’ tetrahydroxy flavone; from 
a yellow variety). Red and yellow petals 
contain in addition xanthophyll pigments such 
as chrysanthemaxanthin.® 

Chrysanthemum petals are approximately 
five cells thick. The cells in the upper epidermal 
layer, which are unusually large and swollen, 
contain soluble pigments in the vacuolar sap, 
with or without a yellow pigment confined to 


granules in the cytoplasm. The inner layers of 


cells are white or colourless. The lower epi- 
dermal layer of cells contain no soluble pig- 
ments, but have white or yellow granules in the 
cytoplasm. Since the inner layers of cells are 
more or less transparent, the colour of the whole 
bloom is determined by the pigments present in 
both the upper and lower epidermal cells, which 
are generally different. Differences in the 
relative proportions of the pigments can 
markedly alter the colour of the bloom. ‘Table & 
shows the distribution of pigments in the petals 
of Sweetheart varieties. 


Difficulties in scoring colour sports 

Although there was no difficulty in scoring 
propagable colour sports, it was not always 
possible to distinguish some types of sports 
which were oaly present as petal streaks. In 
particular, Red, Orange and Bronze Sweet- 
heart were difficult to tell apart, and the same 
might be said of Apricot and Peach Sweetheart. 
Most colour sports were easy to see, but streaks 
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of Apricot Sweetheart on Sweetheart, or Egerton 
Sweetheart on Pearl Sweetheart were hard to 
see and some may have been missed. 


DISCUSSION 
Our survival values agree in order of magni- 
tude with those of other workers, for example 


JAnk.© Jank obtained a much higher per- 


centage of sports by pruning his plants seven 
times between irradiation and flowering. 

It is possible to make a rough estimate of 
absolute mutation rates induced by irradiation. 
This can be done as follows. The smallest and 
commonest mutations observed were petal 
sectors about 0-5 mm broad. These are assumed 
to represent the extent of growth of single cells 
affected by the radiation dose. Since the mean 
petal width was 7-22 mm, and the mean number 
of petals per bloom was 158, each bloom could 
show 2275 different mutant sectors. In the 
variety Salmon Sweetheart, we see from Table 6 
that the average number of mutants per bloom 
was only 0-1526, so that we can estimate the 
proportion of cells mutated per krad as about 
27 per 10%. For Gold Sweetheart, the same 
calculation gives a figure of 2-2 per 10°. In fact 
the proportion of mutated cells is probably 
much greater than this, but the majority of 
them either die or fail to find phenotypic 
expression through reduced viability. 

It is not possible to make definite statements 
about the mode of origin of the sports without 
detailed cytological and genetical studies. Some 
hypotheses will be advanced here to account for 
the observations on the Sweetheart varieties. 

The sports may be newly formed periclinal 
chimaeras, or they may result from the destruc- 
tion of a pre-existing periclinal chimaera. They 
may arise from chromosomal abnormalities, for 
example the addition or deletion of a whole 
chromosome, or of parts of a chromosome, or 
they may result from point mutations. 

Cuany®) has reviewed the evidence that shoot 
apices are formed from at least two layers of 
cells in most species, with three layers in 
Solanaceous plants) and four in Malus.” 
Neither shoot apices nor the breeding behaviour 
of Sweetheart chrysanthemums have been 
studied, but it is reasonable to assume that (a 
the apices have at least two layers of cells and (b 
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Table 8. Distribution of pigments in petals of Sweetheart varieties 


Colour of 


Soluble pigment 


in upper 


Variety 
epidermal cells 


pink 
v. pale pink 


Sweetheart 
Pearl Sweetheart 


Salmon Sweetheart pale pink 


Golden Sweetheart none 
Orange Sweetheart red 
Red Sweetheart red 
Apricot Sweetheart pink 
Bronze Sweetheart red 
Cream Sweetheart none 


deep pink 


Deep Pink Sweetheart 
Deep Red Sweetheart 
Egerton Sweetheart 


deep red 
none 


Colour of 
Granular pigment 
in lower 
epidermal cells 


Colour of 
Granular pigment 
in upper 
epidermal cells 


white white 
white white 
white white 
yellow pale yellow 
yellow pale yellow 
yellow pale yellow 
white pale yellow 
yellow pale yellow 
white white 
white white 
yellow pale yellow 


pale yellow pale yellow 


some varieties may be periclinal chimaeras. 

Sapiro and Broertyes’® report a marked 
difference of frequency of sports caused by 
destruction of a periclinal chimaera and _ those 
caused by mutational change. The former are 
frequent and may affect the whole plant, while 
the latter are less frequent and appear as 
sectorial chimaeras. 

We only found examples of sporting affecting 
whole plants in irradiated Red Sweetheart, 
where 33-1 per cent of the plants were changed to 
Pearl Sweetheart. A similar situation has been 
found by Shapiro and Broertjes for the pair 
of chrysanthemums Masterpiece and Bronze 
Masterpiece, and by SAGAWA and MEHLQuisT 
for the carnations William Sim and White or 
Pink Sim. We conclude that Red Sweetheart is 
probably a periclinal chimaera of Pearl Sweet- 
heart, but this must await confirmation by 
breeding trials. 

The remainder of the sports are probably 
genetic in origin. In this connection it must be 
remembered that the chrysanthemum has the 
longest known history of any horticultural plant 
in cultivation, and that its heredity is complex. 
The chrysanthemum is a_ hexaploid, with 
6n=54, but most of the Sweetheart varieties 
have an extra chromosome and Golden Sweet- 


heart has two extra (cf. Table 1). 


The present work suggests that the most 
varieties 


sports are produced by irradiating 


with a chromosome number of 54 and fewest 
from those with the highest chromosome 
numbers. In the absence of any information on 
number, pink, salmon or red 
varieties may perhaps give better results than 
orange or yellow ones.©) Chromosome deletions 


chromosome 


and translocations could account for the results, 
but changes in chromosome number might also 
be important. The chromosome numbers of 
the sports we have obtained have not actually 
been counted, but if they are assumed to be the 
same as those given by Dowrick® the data in 
Table 4 can be rearranged to show how often 
one variety gives rise to another with a different 
assumed chromosome number, as in Table 9. 


Table 9. Frequency of sports classified by presumed change in 
chromosome number 


Assumed 
Sport 
chromosome no. 


plants 
showing it 


Parent 
chromosome no. 


54 54 0 


54 55 
54 56 16-7 
55 54+ 0-6 
55 55 30-0 
55 56 22-3 
56 54 0 

56 55 5:1 
6 56 0 
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Some points require clarification in ‘Table 9. 
> 55 may be misleading in 


The figures for 54 
that 40-0 per cent of them refer to Orange 
Sweetheart sports of Salmon Sweetheart. Some 
of these may have Bronze Sweetheart 
sports and so belong in the 54 —» 54 
Secondly the zero in the 56 — 56 row reflects 
the fact that only one variety of Sweetheart has 


been 
row. 


56 chromosomes. 

The data summarized in Table 9 suggest that 
radiation induced sports often have more 
chromosomes than their parent, but very rarely 
have less. The original variation in chromosome 
number is presumably brought about by the 
failure of chromosomes to separate at 
mitosis, so that of two daughter cells one has 
one more and the other one less chromosomes 
than the parent. If our hypothesis is correct, 
there must be pronounced diplontic selection 
against chromosome deficient cells, but not 
against cells with an extra chromosome. In the 
case of Sweetheart varieties, this means that 
Salmon Sweetheart and Bronze Sweetheart are 
very rare sports, and that Golden Sweetheart 
can seldom be induced to sport at all. ‘The latter 
observation is familiar to nurserymen. 


two 


HORTICULTURAL APPLICATIONS 


It is obvious that the technique of irradiation 
is a useful one for producing bud sports, once 
the optimum dose has been established. In the 
present case eleven different propagable sports 
were produced in one year, one of which (Cream 
Sweetheart) is certainly an unrecorded type. It 


took eleven years for a comparable number of 


sports to occur by natural means, from a far 
larger population of plants. In the same way 


Morcar Jewel gave rise to five sports, one of 


which (Apricot) is probably identical with the 
parent Morcar Gem, but the others may be 
new. 

Moreover, it is unlikely that the sporting 
potential of an irradiated chrysanthemum plant 
is exhausted after a single year. BAUER has 
shown that repeated cutting back of irradiated 


black currant bushes led to the production of 


mutants several years after the irradiation took 
place. Mutant cells are likely to be somewhat 
less viable than normal cells, and it may take 
some time for them to build up apical meristems 
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so that the mutant tissue can be identified. It 
is to be expected that next year’s growths from 
our chrysanthemum stools will yield more 
sports, of which a high percentage will be 
propagable. 

The ideal method of after 
irradiation would start trom single cells, which 
would yield non-chimerical sports. Such a 
method has recently been discovered for 
Saintpaulia,“) and its application to other plants 
such as Chrysanthemum would greatly simplify 
the production and classification of radiation- 


propagation 


induced sports. 
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J. Reap Radiation Biology of Vicia faba in Relation to 
the General Problem. (xxii x 220 pp., 74 illus. 
Blackwell Ltd., Oxford, 
1959. 45s. net. C. C. Thomas, Springfield, Illinois, 
1959. $10.50 net. 

‘THe last decade has seen the appearance of a number 


Scientific Publications 


of books dealing with the hybrid science of radio- 
biology. Dr. Read’s book differs somewhat from 
previous volumes on the subject in that he has 
attempted to collate and analyse the experimental 
evidence obtained from studies on a single biological 
system and, where possible, to relate these to the 
results obtained on a variety of other biological 
materials. ‘This approach is in some respects narrow 
in outlook, but is commendable in that the broad 
bean root is one of the most widely used radio- 
biological test systems. 

A considerable proportion of the work covered by 
the book stems from the researches of the author and 
his collaborators and a certain amount of hitherto 
unpublished work is presented including some un- 
published data of ‘Thoday and Revell on chromosome 
aberrations. The book is divided into eighteen 
chapters spanning a broad range of topics including 
a description of methods of culturing seedlings and 
discussions of radiation effects on root growth, mitotic 
index, chromosome structure and DNA synthesis. 
The later portions of the book are concerned with the 
effects and possible modes of action of a number of 
modifying factors such as oxygen and the inert gases, 
and the two final chapters give a useful survey of the 
main conclusions, pointing up the similarities between 
some of the Vicia results and the rather less extensive 
data on radiation effects on mammalian cells. 

Roughly a fifth of the text is given over to an 
analysis and general discussion of results on chromo- 
some breakage, and a description of the exchange 
hypothesis is given. A point of criticism in this 
section is the lack of reference to other authors, e.g., 
Read suggests that chromatid gaps may be really 
sub-chromatid breaks (p. 106), a suggestion which 
has been made by numerous authors since the original 
papers of Nebel and Carlson over twenty years ago 
and which still lacks experimental evidence. Another 
point of criticism is the author’s use of the mitotic 
index as a means of measuring mitotic inhibition, 
especially when conclusions are drawn from rather 
limited observations made at one fixation time (p. 62 
On the credit side Dr. Read is to be congratulated on 
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the clarity of his presentation which is enhanced by 
the splendid illustrations. The relation between 
nuclear damage and growth inhibition, which is the 
underlying theme of the book, is clearly brought out 
and aside from a few minor criticisms all the topics 
are dealt with in a stimulating fashion. 

The book will undoubtedly prove to be most useful 
to those who intend to or are already using Vicia faba 
as an experimental material, and despite its specialized 
nature is to be recommended not only to those work- 
ing in the field of cellular radiobiology but also to 
botanists in general. 


H. J. Evans 


Brookhaven Symposia in Biology, No. 14. 
1961) Fundamental Aspects of Radio-sensi- 
tivity. Brookhaven National Laboratory, Upton, 
N.Y. June 5-7, 1961. BNL 675 (C-31). 308 pp. 
Available from Office of ‘Technical Services, 
Department of Commerce, Washington 25, D.C. 
$3.00. 

THE papers herein are arranged in three groups: 

control of radiosensitivity at the molecular level, at 

the cellular and tissue level, and _ radiosensitivity 
changes during development. 

standbys 
bacterial 


Some of the subjects are the old 
breakage, effect, 
familiar to the regulars in the field, but 
developing 


chromosome 
killing 
others 


oxygen 


nervous tissues, nuclear size, 


plant embryos—are new, or unusual, or presented 
differently. 

Symposia do not always fit their title; this one does. 
All the papers bear on the subject of radiosensitivity. 
But since the Organizing Committee brought to- 
gether people from quite different fields, and profit- 
ably I think, a listing of subjects is in order for the 
readers of this review. Almost any radiobiologist will 
find subjects not well known to him. In general, the 
papers are recent reviews or syntheses of their 
subject, with more or less of the author’s or others’ 
recent work. 

Setlow and Howard-Flanders cover radiosensitivity 
at the macromolecular and bacterial-bacteriophage 
DNA levels. Then, at the cellular level, the subjects 
are radiosensitivity of biochemical processes (L. 
Kelly), of chromosome breakage (Merz), of yeast 
cells (Mortimer), of nuclear factors such as nuclear 
size (Sparrow) and 
(H. J. Evans), and factors affecting plant 


nuclear and chromosome 


structure 
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response to mutagens (Konzak). 
Zeman, and 
mammalian 


Lammerton, Innes cover radio- 


sensitivity of tissues to continuous 


exposure, of nervous tissue, and nervous system effects. 


Finally, oxygen effect in mammals (‘Thomlinson), 
radiation of mammalian (Elkind), 
migrating cells of the developing nervous system 
S. Hicks) and the developing plant embryo (Mericle), 


responses cells 


are covered. 

Setlow’s paper on macromolecular radiosensitivity 
deals entirely with nucleic acids. Kelly, on bio- 
chemical processes, gives an interesting and useful 
synthesis of the subject; in particular, she differenti- 
ates clearly between interphase (without division) and 
divisional death of cells. Mortimer’s paper is almost 
entirely on the effects of polyploidy in yeast cells, and 
it is good to have this extensive work summarized. 

The two papers by Sparrow and Evans on nuclear 
factors affecting radiosensitivity were particularly 
interesting to the reviewer. I am optimistic enough to 
feel that the relation of nuclear radiosensitivity to 
nuclear volume may prove to be a new generalization 
for radiobiology; at least, one hopes so—it would make 
simple sense out of a great mass of confusing informa- 
tion. 

How many radiobiologists, except the specialists, 
are familiar with the radiosensitivity of the nervous 
tissues? Zeman’s talk was a fine presentation of the 
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subject in general, and shows just how sensitive the 
cells really are. His paper, and the one by S. P. Hicks 
on radiosensitivity in developing (embryonic) nervous 
systems, will be enlightening to those not familiar with 
the subject. 

Elkind (mammalian cells) gives an excellent review 
and analysis of mammalian single-cell culture radia- 
tion results, and compares them with in vivo informa- 
tion. He evidence for cellular 
recovery. 

So much has been done on radiosensitivity of 
animal embryos that many of us are prone to feel 
that, by extrapolation, we know a great deal about 
the effect on plant embryos. This is not so. Actually, 
very little has been done in this field, and for this 
reason the Mericles’ paper on radiosensitivity of 
plant embryos is a very useful contribution. 

As the reader can see from the titles given, this 
Symposium is a mixed bag of subjects and experi- 
mental materials, as it should be; but all are related 
to the subject, radiosensitivity, and among them are 
superior papers. A helpful 17-page subject index has 
been provided which will aid the reader to refer to 
items of particular interest to him. However, I do 
wish that titles had been given in the references. You 
need them, when a paper in a subject little known 
to you stimulates your interest to read more. 

ALAN CONGER 
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